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Semiconductor process has been dramatically developed by introducing Cu damascene 
process, which enables the replacement of Al to Cu as interconnection material. The 
development continues to improve the performance of devices, and it is achieved by scaling up 
of chip integration so far. However, recently, the reduction of Cu line width according to the 
integration makes it difficult to deposit both diffusion barrier and seed layer uniformly inside of 
narrow trenches and vias using conventional physical vapor deposition. Thus, alternative 
deposition methods are suggested to solve the problem, such as atomic layer deposition and 
electroless deposition. Cu electroless deposition attracts a lot of attention for the use of the next 
generation metallization method because the direct deposition is possible on both the 
conventional diffusion barriers and the next generation diffusion barriers such as Ru-alloy or 
Co-ally. In this study, the electrochemical real-time observation method for the Cu electroless 
deposition was designed: both the open-circuit potential and mass change of an electrode were 
measured simultaneously during the deposition. Using the method, the Cu electroless deposition 
could be investigated in detail, such as the mechanism of Cu electroless deposition and the 
adsorption behaviors of organic additives. Based on the study, the electroless bottom-up filling 
of sub-60 nm trenches was finally achieved, confirming the possibility that the Cu electroless 
deposition could be used for the next generation metallization method. 




electroless bath on Cu surface was understood preferentially. It was observed that the Cu was 
continuously oxidized in the alkaline bath. However, when ethylenediaminetetraacetic acid, a 
well-known complexing agent, was in the solution together, it was found to participate in the 
removal of Cu oxides formed on the surface as well as the complexation of Cu ions in the 
solution. Formaldehyde, a reducing agent, was adsorbed onto the Cu surface and inhibited 
further Cu oxidation. Both components maintained low oxygen content on the Cu surface in the 
alkaline solution. During the Cu electroless deposition process, the induction period was 
observed at the initial stage of the deposition and it was related with the time that the 
formaldehyde was adsorbed and became activated on the surface, indicating that the oxidation 
of formaldehyde was the rate-determining step. The effect of Cu oxides on the electroless Cu 
film was also investigated. It was revealed that the formaldehyde rarely adsorbed on the 
oxidized Cu surface unless the ethylenediaminetetraacetic acid removed the oxide by the 
complexation. The same phenomenon was observed in the real electroless deposition. The pre-
formed Cu oxide caused the rough surface of electrolessly deposited film, resulting from the 
irregular adsorption of formaldehyde. 
The effect of additive was investigated by injecting additives during the deposition. Additives 
were polyethylene glycol (PEG), 2,2’-dipyridyl, and 3-N,N-dimethylaminodithiocarbamoyl-1-
propanesulfonic acid (DPS). The addition of PEG during the deposition caused the reduction of 
the deposition rate as the PEG was gradually adsorbed on the surface. It was revealed that the 




suppression effect. The adsorption kinetics of PEG was strongly dependent on the diffusion 
coefficient of PEG, which was directly related to the molecular weight. It followed the 
adsorption-controlled kinetics when the diffusion coefficient was high, whereas that of PEG 
with low diffusion coefficient showed the diffusion-controlled kinetics. The strength of the 
suppression effect was also affected by the molecular weight of PEG: increasing the molecular 
weight enhanced the suppression effect. The adsorption behaviors of 2,2’-dipyridyl and DPS 
were also studied. 2,2’-dipyridyl was found to adsorb on the surface fast and reduce the 
deposition rate immediately. DPS was also adsorbed, accelerating or inhibiting the deposition 
according to its concentration. It was revealed that the suppression effect was enhanced when 
both 2,2’-dipyridyl and DPS were added together. The electroless filling was then performed on 
sub-60 nm trenches by using the suppression enhancement. The simple concentration 
optimization of two additives achieved the bottom-up filling. 
 
Keywords: Cu, electroless deposition, additive, bottom-up filling, deposition mechanism 
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Chapter I. Introduction 
1.1. Metallization in ULSI technology 
1.1.1. Cu damascene process 
In the fabrication of integrated semiconductor processing chips, ultra large scale integration 
(ULSI) technology has been continuously developed as the demand for the fast operation speed 
keeps increasing. The integration process can not only increase the signal transfer speed in 
devices by decreasing the total length of signal path but reduce the unit chip price by increasing 
the total number of chips per a wafer.1 There are two main factors affecting the signal speed, 
gate delay and resistance-capacitance delay (RC delay). The gate delay is the time delay 
between the signal input and output at the gate, while the RC delay is the delay caused by both 
the resistance of metal lines, which the signal current passes through, and the capacitance of 
dielectric. In 1990s, the decrease in the gate delay by the integration reduced the total signal 
delay because the length of metal lines in a chip was relatively short. However, as the total 
length of metal lines in a chip has been dramatically increased with the decrease of the cross-
sectional area, the RC delay takes up the large portion of the total signal delay as shown in 
Figure 1.1 and Figure 1.2.2,3,4,5 Therefore, the reduction of both the resistance and capacitance 
becomes main issues in the present metallization process. 




to Cu as the interconnection material. Table 1 listed physical properties of Cu, Ag, and Al. Cu 
has lower bulk resistivity (1.67 μΩ·cm) than that of Al (2.66 μΩ·cm): the low resistivity of Cu 
directly reduces the RC delay. 6 Cu is also advantageous in the view of the heat dissipation 
during chip operation. Cu lines consume lower power than Al because of its low resistivity, 
resulting in less heat generation. Furthermore, Cu has the superior electromigration resistance 
compared to that of Al. The electromigration is the phenomena that the transport of material is 
caused by the gradual movement of the ions in a conductor due to the momentum transfer 
between conducting electrons and diffusing metal atoms. In highly integrated circuits, the 
electromigration is a serious problem because the cross-sectional area of metal lines is small, 
leading to high current density as shown in Figure 1.2. The electromigration may cause the 
disconnection or short circuit after the long-term operation. The electromigration resistance of 
Cu is much higher than Al, thus, Cu improves the reliability of the metal lines toward the 
breakdown by the electromigration.7,8 
The replacement of Al to Cu brought out the huge change in the metallization process. In Al 
metallization, subtractive etching is used for the patterning of metal lines.9 The flow chart of 
the subtractive etching is depicted in Figure 1.3 (a). An Al film is deposited on the whole wafer 
surface first, which is selectively protected with a masking layer such as photoresist. Dry 
etching like reactive ion etching then removes the film from the unprotected regions. After the 
patterning of Al film, dielectric is deposited on it. The repetition of such a series of processes 




the Cu metallization because the by-products formed during the dry etching of Cu is not so 
volatile as those of Al, causing the difficulty in the residue removal. Therefore, damascene 
process is introduced to the Cu metallization.10 The desired interconnection pattern is formed 
on the dielectric first by photolithography (Figure 1.3 (b)). Following barrier/seed layer 
deposition, the interconnection regions are filled with Cu. The excess Cu after the filling is then 
polished through chemical mechanical polishing (CMP) to get highly planar surface. Dual 
damascene process is the improved damascene process, which forms trenches and vias between 
interconnection levels at the same time as shown in Figure 1.4. Two layers of dielectric are 
deposited on the wafer with intervening etch stop layers. After the deposition of masking layer, 
the layer is opened with the etch stop layer where via is located. The upper dielectric is then 
etched away until the etch stop layer at the middle is exposed. The second etching with a new 
masking layer defining the location of trench forms the dual damascene structure. A barrier 
layer such as Ta/TaN or TiN/Ti is deposited on the structure prior to the seed layer deposition to 
inhibit the diffusion of Cu into the dielectric. The filling of Cu is then performed after the seed 
layer deposition. The process is completed with CMP by the removal of the excess Cu. The 
process can be repeated to build up multilevel metal lines. The introduction of the damascene 





1.1.2. Cu deposition 
One of the most important procedures in the damascene process is the Cu filling of trenches 
and vias without defect. Defects such as void or seam in the feature after the filling bring out the 
increase in the resistance of the metal line as well as the probability of electrical disconnection 
by the electromigration. Therefore, the bottom-up filling is required, which fills Cu from the 
bottom of the trenches and vias. There are four methods for the Cu filling, physical vapor 
deposition (PVD), chemical vapor deposition (CVD), electrodeposition (ED), and electroless 
deposition (ELD). 
PVD is one of vacuum deposition methods to deposit metal films by the condensation of a 
vaporized form of the film material onto substrate surface.11 The target material is generally 
vaporized by thermal heating, electron beam, plasma, etc. in vacuum. As the film is formed in 
the highly-clean vacuum, the physical properties of the film, such as the resistivity and 
roughness, are relatively better than those of films formed by other deposition methods. The 
PVD is widely used in the Al interconnection. However, the poor step coverage of the film 
arising from its anisotropic nature of PVD causes hardship for the application of the process to 
the Cu filling of the damascene structure with high aspect ratio.12 PVD is used for the formation 
of Cu seed layer instead, which is essential for Cu ED. (Figure 1.5) 
CVD is also a well-known vacuum deposition method that volatile organic-metal precursors 
react or decompose on surface, to form a film.13 The deposition shows excellent step coverage 




during the deposition could achieve the bottom-up filling by accelerating the deposition rate at 
the bottom of the feature.14,15 However, the resistivity of the film is high because the large 
amount of carbon is incorporated into the film. Furthermore, the precursors are toxic, leading to 
environmental problems. Atomic layer deposition (ALD) is also one of CVD methods, which 
controls the film thickness in atomic layer scale. In ALD, the precursors are separated during the 
deposition reaction by N2 or Ar purging to prevent parasitic deposition. Therefore, repeating the 
precursor pulse and purge gas pulse abled the atomic layer control. The amount of the deposit is 
constant in each reaction cycle. 
ED and ELD have been generally used in the metallization of printed circuit boards. Both two 
deposition methods are wet processes and attract a lot of attention in the metallization of 
semiconductor as the damascene process is introduced. 
ED is the deposition method reducing metal ions to a metal film by supplying electrons to the 
substrate in a solution.16 The electrodeposited film shows good step coverage and superior film 
properties. The low process cost and temperature are also advantages of ED. Furthermore, the 
bottom-up filling can be achieved by the addition of several organic additives to the ED bath.17 
Organic additives are classified into three main categories: suppressor, accelerator, and leveler. 
Suppressors are additives retarding the deposition by the adsorption, while accelerators promote 
the deposition by the replacement of adsorbed suppressors. Levelers are used for the 
minimization of the height difference in the film. The mechanism of the conventional bottom-up 




model, which deals with the competitive adsorption between accelerators and suppressors 
during the deposition.18 , 19 , 20  Nowadays, Cu ED is widely used for the metallization of 
semiconductors. ED requires the Cu seed layer which is the current path because the direct 
deposition on diffusion barriers such as Ta/TaN is not facile due to its high resistivity.21,22 The 
seed layer is normally deposited by PVD as explained above. 
Different with ED, ELD reduced metal ions to a metal film with the aid of a chemical 
reducing agent instead of the external electrical power.23 Therefore, it is available not only on 
conductive materials but also on insulators including diffusion barriers if catalyzing process for 
ELD is performed on the surface. The step coverage of the electroless film is known to be good, 
and the bottom-up filling can be also achieved by ELD. Moreover, as the deposition can be 
performed by simple immersion in the ELD bath, it is not required to set up special equipment 
for the process, resulting in cost reduction. Despite of those advantages, ELD have not been 
applied to the metallization of semiconductor process because of its low throughput and bath 
instability. However, as the size of metal line decreases, ELD is re-considered as one of 
metallization methods in the next generation. 
 
1.1.3. Issues in present metallization process and Cu ELD 
The introduction of the Cu damascene process was innovative and brought considerable 




issues arise in the metallization process as the scaling-up of integration continues. 
The formation of Cu seed layer has been universally carried out by PVD and it achieves good 
film properties with good adhesion to diffusion barriers. However, as the size of metal line has 
dwindled, depositing the thin layer uniformly throughout trenches and vias has become difficult 
due to the inherent directionality of PVD.24 The problem then becomes a great obstacle for the 
PVD process to deposit the uniform thin film over trenches and vias shrinking to sub-tens of 
nanometer size as shown in Figure 1.6. The poor step coverage thus introduces a lot of defects 
in the Cu seed layer, leading to the poor reliability of Cu filling. Especially, the PVD seed layer 
on the side-wall of the narrow features is vulnerable, inducing many defects after Cu ED.25,26 
PVD has been continuously improved to compensate the drawback in various ways, such as a 
collimated PVD, oblique angled PVD, or ionized PVD.27,28,29 However, the problem is not 
solved completely, and the poor step coverage of PVD is still a big issue in the seed layer 
formation. To overcome the problem, alternative seed layer formation methods have been 
focused. CVD and ALD are able to form a thinner and more conformal Cu film than PVD, but 
the resistivity of the film is still too high to use the film as Cu seed layer.30,31 Another method is 
Cu ELD. The Cu ELD has been widely investigated as one of metallization methods in 
semiconductor process for a decade. As explained above, the deposition does not require an 
external electrical energy, therefore, it is considered to be applicable to the direct formation of 
Cu film on highly-resistive diffusion barriers. The formation of electroless Cu seed layer, as one 




seed layer was more conformal than the PVD seed layer.32,33,34 The Cu ELD is also considered 
as a bridging technique until the seed layer formation overcomes the non-uniformity problem. 
The so-called ‘electroless seed layer repairing’ reinforces the non-continuous PVD seed layer on 
trenches and vias by film thickening.35,36 
Same as the Cu seed layer, the intrinsic directionality of PVD also makes it difficult to 
deposit diffusion barriers on narrow trenches. PVD Ta/TaN is known to be an excellent 
diffusion barrier because it effectively blocks the diffusion of Cu into Si substrate, and it is 
widely used in the metallization. However, as the required thickness of the barrier is reduced 
from 2.6 nm in 2012 to 1.9 nm in 2015 (Figure 1.2), it is difficult to form such a thin film on the 
narrow features using the advanced PVD. Therefore, other Ta-based diffusion barriers are also 
considered. The ternary alloy diffusion barriers such as TaSiN, TiSiN, and TaN are known to be 
deposited by ALD, thus, those barriers can be uniformly deposited on narrow trenches and 
vias.37,38 However, they are not ultimate solutions because the next step of the damascene 
process, the deposition of Cu seed layer, is still in a trouble. Researchers have then proposed 
several methods as alternatives for the formation of both diffusion barrier and Cu seed layer. 
Adopting new barrier materials such as Ru and Co, which act as both a diffusion barrier and 
current path for direct Cu ED, is one of them. The Ru and Co can be deposited by ALD, and 
have low surface energy to Cu, which allows the direct Cu ED without a separate Cu seed 
layer.39,40,41 It was reported that Ru alone was not enough to prevent the Cu diffusion into Si 




film properties through its acidic dissolution and displacement reaction with Cu ions in the 
electrolyte during Cu ED.42,43,44 Therefore, the deposition of Ru-alloy and Co-alloy is widely 
investigated and it is expected that those films can be used as the next generation barriers.45,46,47 
On those barriers, the Cu ELD is also highlighted as one of Cu metallization methods because 
Ru and Co themselves act as a catalyst for Cu ELD.48,49 There is no need for catalyzing process 
prior to the Cu ELD, simplifying the deposition process compared to Cu ELD on a conventional 
Ta/TaN diffusion barrier. 
The filling of trenches and vias can be also achieved by Cu ELD, which shows the possibility 
that the Cu metallization is accomplished by a single Cu ELD process without seed layer 
formation. Until now, Cu ELD is rarely used as the metallization method for the semiconductor 
fabrication because of its low deposition rate compared to Cu ED. However, as the sizes of 
trenches and vias become small, the low deposition rate of Cu ELD is no longer a big problem 
to overcome. The size shrinking of semiconductor devices opens up the possibility of the 





Table 1. 1. Properties of Interconnection Materials6 
Properties Cu Ag Al 
Resistivity (μΩcm) 1.67 1.59 2.66 
Diffusion coefficient in Si (cm2/s) 0.78 0.67 1.71 
Activation energy in Si (eV) 2.19 1.97 1.48 




































































Figure 1. 6. Uniformity problem in the Cu seed layer deposited by PVD on trench, (a) less-










1.2.1. Basics of ELD 
ELD is a deposition method which is distinctly differentiated from ED using the external 
power supply. In ELD, metal ions in a solution are reduced by the oxidation of a reducing agent 
on surface, forming a metal film.50 As electrons which reduce metal ions are supplied by the 
oxidation reaction of reducing agents, there is no need for the external source of electric current. 
Both two electrochemical reactions, the reduction of metal ions and the oxidation of reducing 
agents, occur simultaneously at the same electrode, at the same electrode-solution interface as 
shown in Figure 1.7. 
 
Ma+solution + ae
- → M0surface [1.1] 
Redsolution → Oxsolution + be
- [1.2] 
 
The overall reaction of ELD is, 
 
Ma+solution + (a/b)Redsolution → M
0
surface + (a/b)Oxsolution [1.3] 
 
where Ox is the oxidation product of the reducing agent Red, and Ma+ and M0 are a metal ion 




electrode. Electrons, which are produced by the oxidation of reducing agents, flow between 
these sites during the deposition. 
Theoretically, ELD is explained by the mixed potential theory derived from a concept for the 
interpretation of corrosion phenomena.51,52 Assuming that the cathodic reaction [1.1] and 
anodic reaction [1.2] occur independently, the two partial reactions can be plotted in a current-
potential (i-E) graph as in Figure 1.8. The equilibrium potential of the oxidation of a reducing 
agent is more negative than that of the reduction of a metal ion, so that the reducing agent can 
be oxidized to provide electrons for metal ions. The overall reaction of ELD is interpreted by 
superimposing the partial electrochemical reactions. According to the overall reaction [1.3], 
there is no external current flow out of the electrode because electrons produced by the reaction 
[1.2] are totally consumed by the reduction of metal ions. Therefore, the current flow between 
reactions [1.1] and [1.2] should be same when ELD takes place. The potential where the anodic 
and cathodic currents are same is regarded as the electrode potential of ELD and called as 
“mixed potential”. Although it is reported that ELD is more complicated than represented by the 
mixed potential theory due to the interdependence of the partial reactions and side-reactions of 
ELD, it is still useful to understand the characteristics of ELD process. 
Unlike the galvanic displacement reaction which reduces target metal ions onto other metallic 
surfaces by using the difference in the standard reduction potentials of the two metals, ELD uses 
the oxidation of a reducing agent on surface. Therefore, the chemical reaction should proceed on 




catalyst for the oxidation of a reducing agent, leading to continuous film growth during the 
deposition. It limits materials which can be deposited by ELD. The survey revealed that single 
metals such as Co, Ni, Cu, Ag, Au, etc. are plateable by autocatalytic means.53 (Figure 1.9) In 
some cases, metals which have no autocatalytic character are also co-deposited with other 
autocatalytic metals: NiP, NiWP, NiB, NiWB, CoP, CoWP, CoB, CoWB, etc. 
For this reason, noncatalytic surfaces (e.g., insulators, noncatalytic metals) should be made 
catalytic for ELD prior to the deposition. The catalyzing process is generally termed as surface 
activation that generates catalytic nuclei on the noncatalytic surface. To date, several surface 
activation methods have been reported: one-step activation, two-step activation, and the 
deposition of nanocatalysts.54,55,56 Pd, Rh, Ag, etc. have been widely used as such a catalyst. 
Figure 1.10 shows the schematic diagram of the film growth on catalytic nuclei. As each 
catalytic particle acts as a nucleus for ELD, the deposited metal grows in three dimensions and 
covers the particle preferentially at the initial stage. This growth mode continues until the metal 
clusters coalesce and thus cover the entire surface, followed by subsequent two-dimensional 
growth normal to the surface.57,58 The time required to reach the two-dimensional growth mode 
from the start of the three-dimensional growth is determined by the density and average size of 
particles.59 (See appendix.) 
The general ELD bath has 4 components: the source of metal ions, reducing agent, 
complexing agent, and pH adjuster. Metal ions and reducing agents are main chemicals which 




metal ions by forming metal ion-complexes. The ELD bath is generally alkaline because the 
most of reducing agents require hydroxide ions during the oxidation process. Thus, forming 
metal ion-complexes is essential to prevent the formation of metal-hydroxide species in the bath. 
It is also known that deposition rate is affected by the types of complexing agents because the 
complex-stability constant and the specific adsorption kinetics of the molecule are directly 
related with the deposition.60 In addition, several organic additives are added to the bath for the 
improvement of the properties of the deposited film, the stabilization of the bath, and the 
elimination of side-reactions. 
 
1.2.2. Mechanism of Cu ELD 
The bath composition for Cu ELD is strongly dependent on the type of reducing agent. The 
typical reducing agents for Cu ELD are formaldehyde (HCHO) and glyoxylic acid, which have 
an aldehyde group in their molecular structure. A typical Cu ELD bath contains divalent Cu ions, 
ethylenediaminetetraacetic acid (EDTA) as a complexing agent, and HCHO as a reducing 
agent.61 Sodium hydroxide, potassium hydroxide, or tetramethylammonium hydroxide is used 
as a pH adjuster. The overall reaction of Cu ELD on Cu surface is shown below when HCHO 
and EDTA are used as a reducing agent and complexing agent, respectively.62 
 






The reduction of Cu-EDTA complexes proceeds by accepting electrons one by one on the 
surface. 
 
CuEDTA2- + e- → CuEDTA3- [1.5] 
CuEDTA3- + e- → CuEDTA4- [1.6] 
CuEDTA4- → Cu0 + EDTA4- [1.7] 
 
However, the oxidation mechanism of HCHO is more complicated than that of the reduction. 
The majority of HCHO molecules are hydrolyzed in the alkaline solution, finally forming 
methylene glycol anions (H2C(OH)O
-) as follows: 
 
HCHO + H2O → H2C(OH)2 [1.8] 
H2C(OH)2 + OH
- → H2C(OH)O
- + H2O [1.9] 
 
The methylene glycol anion adsorbs on the surface with dissociative adsorption, involving the 










The hydrogen evolution during the oxidation reaction has negative influence on the ductility, 
adhesion, and surface roughness of the deposited film.64 However, it is reported that the HCHO 
oxidation on catalytic metals, which have the negative Gibbs free energy of hydrogen 
adsorption (e.g., Pt, Pd, Rh, etc.), does not accompany the hydrogen evolution.65 
 
1.2.3. Organic additives in Cu ELD bath 
Organic additives in Cu ELD bath play important roles in the above processes. The additives 
adsorb on surface during the deposition, and change deposition conditions in various ways. 
They can be classified into three categories according to its effect on the deposition, stabilizers, 
accelerators, and suppressors. Stabilizers retard the self-decomposition of ELD solution by the 
complexation with unstable Cu ions. 2,2’-dipyridyl and thiourea are famous as effective 
stabilizers.66,67,68 Accelerators, which increase the deposition rate, are reported as guanidine and 
8-hydroxy-7-iodo-5-quinoline sulfonic acid (HIQSA).69 On the contrary, polyethylene glycol 
(PEG) and its derivatives are commonly used as suppressors. It is known that suppressors block 
active sites by the adsorption and suppress the deposition.70 Other additives such as bis(3-
sulfopropyl) disulfide (SPS), 3-N,N-dimethylaminodithiocarbamoyl-1-propanesulfonic acid 
(DPS), 2-mercaptobenzothiazole, benzotri-azole, etc. can act as both accelerator and suppressor, 




film properties and deposit profile as one’s purpose. 
One of main interests in Cu damascene process is the Cu filling of trenches and vias, and it 
can be also achieved by ELD using the combination of organic additives. The electroless filling 
has been extensively studied in a number of years. The filling mechanism of Cu ELD is slightly 
different with CEAC model of Cu ED. There are three filling mechanisms suggested in Cu ELD 
as shown in Figure 1.11. One is the formation of the concentration gradient of a suppressor 
inside of trenches for the filling, resulting in ‘V’-shape of filling profile. (Figure 1.11 (a)) The 
concentration of the suppressor at the top of the trench is generally higher than that at the 
bottom because the additive is diffused into the trench from the bulk and consumed 
continuously by the incorporation into the film during the deposition. Therefore, the deposition 
rate at the top surface would be much lower than that at the bottom, resulting in the bottom-up 
filling. S. Shingubara et al. and T. Osaka et al. achieved the electroless filling by using the 
method: SPS and PEG as a suppressor, respectively.72,73 Another method is forming the 
concentration gradient of the additive which act as both the accelerator at low concentration and 
suppressor at high concentration. The deposition rate at the bottom, where the concentration of 
the additive is low, is then accelerated whereas the deposition rate at the top is strongly inhibited. 
In this case, bumps are formed on the top of the trench due to the acceleration effect. J. J. Kim et 
al. found that SPS, DPS, and 2-mercapto-5-benzimidazolesulfonic acid (MBIS) accelerated the 
deposition rate at low concentration and gained the bottom-up filling profile with bump 




suppression effect on the top of the trench. Hasegawa et al. and Yang et al. used the combination 
of both the accelerator and suppressor for the filling.77,78 Accelerators were HIQSA and SPS, 
and the suppressor was PEG. 
Figure 1.12 shows molecular structures of 2,2’-dipyridyl, PEG, DPS, and SPS. The direct 
relationship between the molecular structure and its effect on Cu ELD is not well-known. 
Generally, the heteroaromatic compounds with nitrogen atoms are used as stabilizers, such as 
2,2’-dipyridyl. It is not clear why those kinds of molecules are effective on the stabilization of 
ELD bath. However, it is suspected that their strong adsorption on surface and complexation 
with metal ions through the π-conjugated ring structure are main causes of the effective 
stabilization.68 PEG is the polymer having ether groups in its structure. Oxygen atoms with non-
bonding electrons are assumed to participate in the adsorption. In Cu ELD, PEG is added to 
ELD solution as both a surfactant and suppressor. SPS and DPS are famous accelerators in Cu 
ED, which contain sulfur atoms. It is reported that they accelerate the reduction process of “Cu2+ 
+ e- → Cu+” which is the rate determining step of the total Cu ion reduction. The acceleration in 
the deposition rate is also observed in Cu ELD, however, the mechanism has not been revealed 














Figure 1. 8. Schematic diagram of the mixed potential electrode. 
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Figure 1. 9. Periodic table of elements which can be deposited by ELD. 
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Figure 1. 11. Schematic diagram of the electroless filling mechanism, (a) the suppressor only, 
(b) the additive which acts as both the accelerator and suppressor, and (c) the combination of the 













1.3. Observation of Cu ELD 
1.3.1. Analysis tools for Cu ELD 
The mechanism of Cu ELD has been extensively studied by voltammetric measurements such 
as cyclic voltammetry (CV) and linear sweep voltammetry (LSV). Based on the mixed potential 
theory, the reduction of Cu ions and the oxidation of reducing agents are independent each other. 
Therefore, many researchers studied both partial reactions separately. L. D. Burke et al. 
investigated the oxidation mechanism of glyoxylate on Cu using CV, and interpreted it in terms 
of incipient hydrous oxide/adatom mediator (IHOAM) model of electrocatalysis.79 T. M. Tam 
developed the in-situ measurement of the concentration of methylene glycol anions in ELD bath 
by calculating charges formed during the electrochemical oxidation.80 P. Bindra et al. examined 
the mixed potential theory by comparing with real ELD system, finding the interdependence of 
the partial reactions.81 Some studies also utilized CV and LSV to observe the additive effect on 
the reduction of Cu ions and oxidation of a reducing agent. M. Paunovic et al. tested the effects 
of additives on the reduction of Cu ions using CV in Cu ELD bath, and P. A. Kohl et al. 
investigated the effect of 2,2’-dipyridyl concentration on the oxidation of a reducing agent using 
LSV.82,83 
Some researchers introduced additional electrochemical tools for the study. A. Vaškelis et al. 
reported that the rupture of C-H bond of HCHO was a rate-determining step in ELD using 




crystal microbalance (QCM) to separate the real deposition current from the measured current 
of LSV in ELD solution, finding that HCHO catalyzed Cu ion reduction.85 
However, it is a little ambiguous to conclude that CV and LSV studies in half-cell solution or 
full ELD solution represent the real ELD process perfectly because considerable overpotential 
was applied to the electrode. Therefore, the mechanism was also investigated by non-
electrochemical tools. J. J. Kim et al. examined the reactivity of Cu ELD solution according to 
the types of complexing agents by using laser transmittance, and C.-H. Chung et al. used 
Fourier transform infrared spectrometry (FT-IR) to verify the reaction mechanism of Cu 
ELD.86,87 
The observation methods frequently used are ex-situ investigations, such as the measurement 
of the deposition rate and the observation of surface morphology because of their easy 
accessibility.88 The ex-situ investigation provides researchers with various kinds of practical 
information in the real deposition. However, it is not sufficient to understand the adsorption 
behavior of reactants and additives because their adsorption is time-dependent. 
 
1.3.2. Real-time observation of Cu ELD by OCP measurement with QCM 
In this study, the mechanism of Cu ELD was investigated by measuring the open-circuit 
potential (OCP) and mass change of Cu electrode. OCP is the potential of working electrode 




used the minimum overpotential for the minimization of current flow, there is low possibility 
that the electrode is affected by the applied overpotential. Furthermore, it is advantageous to 
check the state of the electrode because OCP is sensitive to electrode conditions, such as the 
chemical state of the electrode and the adsorption of chemicals.89 QCM was also introduced to 
measure kinetic changes on the electrode during the OCP measurement. Like in general 
electrochemical measurement, the OCP and mass change can be regarded as the electrode 
potential and current, respectively. The combination of two methods realized the real-time 
observation of Cu ELD.  
The OCP measurement with QCM during Cu ELD makes it possible to observe the 
adsorption behavior of reagents and additives on surface in-situ. Even though the reaction 
mechanism of Cu ELD was extensively investigated by many researchers, the adsorption of 
each constituent of Cu ELD bath and its effect on Cu surface were not studied in detail because 
it was not easy to observe the phenomena using conventional ex-situ analysis tools. Therefore, 
the adsorption of basic components of Cu ELD bath and their effects were first investigated by 
using the method for the complete understanding of the overall adsorption process during Cu 
ELD (chapter III). Based on this research, the adsorption behaviors of additives, which were 
essential for the filling of damascene structure, was then studied (chapter IV). The effect of 
additive has been also generally investigated ex-situ by observing the change in the deposition 
rate and surface morphology according to the additive concentration. The ex-situ investigation 




it is not sufficient to understand the adsorption behavior of additive because the adsorption is 
dynamic and competitive with other reagents. We investigated the adsorption behaviors of PEG, 
2,2’-dipyridyl and DPS and their effects on the deposition in real-time and applied those 
additives to the filling of sub-60 nm trenches. Finally, the bottom-up filling of sub-60 nm 





Chapter II. Experimental 
2.1. Electrochemical analysis 
2.1.1. OCP measurement with QCM 
The OCP measurement was performed using a Potentiostat 263A (EG&G) and QCM 
(QCA917, EG&G) with a 2-electrode system as shown in Figure 2.1. The working electrode 
was a Cu-coated 9 MHz AT-cut quartz crystal (QA-A9M-Cu(M), mirror finish, Seiko EG&G 
model) with an exposed area of 0.196 cm2. The Cu was deposited by PVD. Ag/AgCl electrode 
(KCl saturated, BAS Inc.) was used as the reference electrode. 
Prior to all experiments, the working electrode was cathodically polarized at room 
temperature to remove native Cu oxides.90 During the cathodic polarization, 5 mA/cm2 of 
cathodic current was applied to the working electrode for 5 min in 0.1 M H2SO4 electrolyte. The 
electrode was then immersed in various test solutions consisting of basic chemicals for Cu ELD 
bath. The full Cu ELD solution was composed of 0.03 M CuSO4·5H2O, 0.05 M EDTA, and 0.10 
M p-HCHO (para-formaldehyde). In the investigation of additive effect, the electrode was kept 
for 200 s in the full Cu ELD solution until the deposition process became stabilized. After the 
stabilization, additives were injected to the bath. Additives were PEG, 2,2’-dipyridyl and DPS. 
The ELD solution was mildly stirred during the experiment to facilitate the bulk diffusion of 




temperature was kept at 70℃ using a thermostat. 
 
2.1.2. Coulometric reduction method 
The chemical state of Cu surface was examined by coulometric reduction method (CRM). 
CRM was performed with a 3-electrode system. Pt wire and Ag/AgCl electrode (KCl saturated, 
BAS Inc.) were used as the counter electrode and reference electrode, respectively. Cu oxides 














2.2. Film analysis 
2.2.1. Preparation of Cu ELD films 
Simple immersion process without any electrochemical measurement was also performed for 
the comparison with OCP-QCM results. Cu ELD was performed on a 1.5 cm × 1.5 cm blanket 
coupon wafer of <PVD Cu (80 nm) / PVD Ta (15 nm) / PVD TaN (15 nm)> structure. The 
solution composition for the deposition was the same with the full Cu ELD solution used in the 
electrochemical analysis. The cathodic polarization was also introduced before Cu ELD. 
Sometimes, the Cu surface was intentionally oxidized to observe the effect of Cu oxides on Cu 
ELD. Native oxide was grown by leaving the substrate in the atmosphere for 1 day, and 
chemical oxide was formed by the immersion in 30 vol% H2O2 for 30 s to magnifying the oxide 
effect on ELD. The oxidation was performed at room temperature. 
The electroless filling was also performed in sub-60 nm-wide trenches with the aspect ratio 
over 6 on SiO2/Si substrates. The barrier layer (Ta/TaN) and Cu seed layer were deposited by 
PVD. Prior to the filling, the substrate was pretreated with 0.02 M citric acid (pH 4.5 by KOH) 
solution for 2 min to remove the native Cu oxide instead of the cathodic polarization which 
resulted in the severe dissolution of Cu at the side-wall of trenches. The pretreated substrate was 





2.2.2. Analysis tools 
The sheet resistance of Cu film was measured by using a 4-point probe (CMT-SR 1000N, 
AIT). The surface morphology of the deposited Cu film was observed by means of atomic force 
microscopy (AFM; AFM5100, Agilent) and field emission scanning electron microscopy (FE-
SEM; JSM-6701F, JEOL). The filling profile was also examined by FE-SEM. The sample was 
broken perpendicularly to the pattern for the observation of the cross-sectional filling feature. 
The chemical state of Cu surface was examined by X-ray photoelectron spectroscopy (XPS; 
AXIS-HSi, KRATOS) analysis. In the XPS analysis, as-prepared sample was moved to the XPS 
chamber immediately after the experiment to prevent air oxidation. The radiation source was 
Mg Kα from a Mg/Al dual anode at 450 W. The hemispherical energy analyzer was used for the 
detection of photoelectron energy in the fixed analyzer transmission (FAT) mode with the pass 






Chapter III. Investigation of Cu ELD mechanism 
3.1. Role of each chemical component in Cu ELD bath 
3.1.1. Adsorption of each chemical component and its effect on Cu surface 
To verify the role of each chemical component in Cu ELD solution, the electrochemical 
measurement was separately performed. The OCP and mass change of the electrode during the 
immersion in KOH, EDTA-KOH, HCHO-EDTA-KOH, and HCHO-KOH solutions are shown 
in Figure 3.1, respectively. The OCP was maintained around -0.2 V over 1000 s in KOH 
solution. The electrode potential of -0.2 V for Cu at pH 12.8 corresponds to the Cu oxide region 
in the Pourbaix diagram.91 When the metallic Cu is exposed to the alkaline media at its OCP, 
dissolved oxygen begins to be adsorbed on the surface and reduced by following reaction: 
 
O2 + 4H
+ + 4e- → 2H2O [3.1] 
 
The reduction of dissolved oxygen results in the oxidation of Cu.92,93 The mass change of the 
electrode shows the oxidation. The Cu oxidation through the adsorption of dissolved oxygen 
increased the mass because oxygen atoms were incorporated into the surface, as shown in 
Figure 3.1 (b) [KOH]. The mass of the electrode was increased with increasing immersion time 




adsorption of dissolved oxygen on the fresh Cu surface, which resulted in the fast oxidation. 
The oxidation rate then decreased as the diffusion of dissolved oxygen into the film was 
retarded by the oxide growth. 
In the presence of EDTA with KOH, however, the OCP was decreased to ca. -0.5 V, as shown 
in Figure 3.1 (a) [EDTA-KOH]. The initial mass increase before 100 s in Figure 3.1 (b) [EDTA-
KOH], which was also observed by A. Vaškelis et al., was mainly ascribed to the fast oxidation 
of the Cu surface.94 The diffusion of dissolved oxygen to the surface was much faster than that 
of EDTA (DO2 = 3.4 x 10
-5 cm2/s, DEDTA = 6.0 x 10
-6 cm2/s, D: diffusion coefficient at 25℃).95,96 
Therefore, the oxidation rate could be fast in the initial stage. After 100 s, the mass of the 
electrode was continuously reduced with time. EDTA is known to make a strong complex with 
Cu ions.97 That is, the oxides formed in the alkaline media presumably dissolve into complexed 
forms such as [CuEDTA]2-. The formation and dissolution of Cu oxides occurred on the 
electrode, resulting in the continuous mass decrease. The dissolution rate was found to be 1.4 
nm/min which was comparable with 1.1 nm/min, obtained from the immersion process without 
electrochemical measurements. The dissolution rate during the immersion was calculated by 
measuring sheet resistance before and after the immersion. The electrochemical behavior of the 
Cu electrode was also investigated in Cu-EDTA-KOH solution. The added Cu ions had little 
influence on the dissolution behavior. 
The OCP and mass change of the electrode in the presence of HCHO are shown in Figure 3.1 




structure to methylene glycol anion (H2C(OH)O
-) in alkaline media. The anions are adsorbed on 
the Cu surface and reduce Cu ions by reacting with OH- as follows: 
 
2H2C(OH)O
- + 2OH- → 2HCOO- + 2H2O + H2 + 2e
- [3.2] 
 
The OCP was shifted to a more negative value (ca. -0.9 V) than that of EDTA-KOH, which 
was attributed to the adsorption of methylene glycol anions on the surface since the adsorbed 
methylene glycol shifted the OCP in the negative direction by giving electrons to the surface. 
With the adsorption, the mass increased until 100 s and then remained almost constant. This 
indicated that the electrode was not dissolved by EDTA in the presence of HCHO. To observe 
whether EDTA affected the OCP and mass change in the presence of HCHO, a Cu electrode was 
immersed in HCHO-KOH solution immediately after the cathodic polarization. The OCP and 
mass change of the electrode followed almost the same trend as those of HCHO-EDTA-KOH 
solution, as shown in Figure 3.1 [HCHO-KOH]. This demonstrated that the effect of EDTA was 
negligible on the electrochemical behavior in the presence of HCHO. The adsorption of 
methylene glycol anions inhibited further Cu oxidation and blocked the dissolution of Cu oxide 
by EDTA. However, in any combination, the oxidation-induced mass increase before 100 s was 
observed because of the fast diffusion of dissolved oxygen at the beginning of the immersion. 
To investigate the existence of Cu oxide on the electrode, CRM was performed in 0.1 M KCl 




electrode during coulometric reduction (CR) with respect to the immersion time in EDTA-KOH 
solution. The mass was decreased as Cu oxide was reduced to Cu. The amount of mass decrease 
during CR peaked at 100 s, which was the time that the highest mass was recorded in Figure 3.1 
(b) [EDTA-KOH]. Then it decreased as the immersion time increased. This trend coincided with 
the mass change shown in Figure 3.1 (b) [EDTA-KOH]. The oxide still existed on the electrode 
surface after 400 s of immersion due to the occurrence of two simultaneous reactions: the 
formation and dissolution of Cu oxide. A small amount of Cu oxide was considered to have 
continuously formed on the surface when it was being immersed in the EDTA-KOH solution. 
These observations revealed that EDTA acted as the complexing agent of Cu ions as well as the 
oxide remover maintaining the electrode surface with low oxygen content. The CR result after 
the immersion in HCHO-EDTA-KOH solution is also depicted in Figure 3.2 (b). The decrease 
in mass during CR also exhibited a similar trend to that shown in Figure 3.1 (b) [HCHO-EDTA-
KOH]. The amount of mass reduction increased until 100 s and then remained constant at longer 
immersion times. Although a small amount of oxide must have been formed at the beginning, it 
was not further formed or removed through the immersion. Both the oxidation and dissolution 
of Cu oxide were inhibited in the presence of HCHO. 
Figure 3.3 shows the potential-time curves of electrodes during CR after the immersion in 
KOH, EDTA-KOH, and HCHO-EDTA-KOH solutions. The chemical state of Cu oxide was 
inferred as Cu2O, since a potential plateau was observed at ca. -0.5 V, which is the typical 





XPS analysis was also performed to verify the chemical state of Cu. XPS analysis of Cu 
generally measures Cu 2p spectra; however, Auger Cu L3M4,5M4,5 signals were utilized instead 
in this study to obtain discrete peaks of Cu(0) and Cu(I).100 Figure 3.4 shows the XPS spectra of 
Auger Cu L3M4,5M4,5 according to the immersion time. Cu(I) and Cu(0) were detected at 916.8 
eV and 918.7, respectively. The deconvolution of the peaks was performed by using 
XPSPEAK41.101,102 Figure 3.4 (a) shows the XPS spectra in KOH. The peak intensity related to 
Cu(I) increased with the immersion time, representing that Cu2O was continuously formed by 
the oxidation. In terms of the dependence on the immersion time in EDTA-KOH solution, the 
peak intensity of Cu(0) was once decreased and increased again after 100 s, as shown in Figure 
3.4 (b), which demonstrated that the formation of Cu2O was faster than the dissolution in the 
early stage of the immersion. The spectra were nearly identical in HCHO-EDTA-KOH, though a 
slight decrease in Cu(0) peak intensity was observed after 100 s. (Figure 3.4 (c)) A small 
amount of Cu2O remained, whereas the oxidation and dissolution of Cu oxide was inhibited by 
the adsorption of HCHO. It was not revealed whether Cu2O was necessary for the adsorption of 
HCHO. However, a small amount of oxide species existed on the surface, as A. Vaškelis et al. 
had reported that an unknown oxy-species of Cu formed during Cu ELD.63 Cu 2p spectra were 
also measured in all cases. No Cu(II) peak was observed from XPS spectra of Cu 2p, indicating 
that CuO was rarely formed on the surface.101 
The thickness of Cu2O was calculated from XPS spectra in Figure 3.4. The intensity ratio of 




and 918.7 eV (Cu). The following equation was used for the calculation:100 
 
d = λoxsin θ•ln[((DMλM)/(Doxλox))•(Iox/IM) + 1]  [3.3] 
 
where d denotes the oxide thickness, λ is the escape depth of the photoelectrons, θ is the take-
off angle, D is the atomic density, and I is the area intensity of peak. The value of each constant 
was used as follows: λCu2O = 2.91 nm, λCu = 1.63 nm, DCu2O = 0.084 mol/cm
3, and DCu = 0.14 
mol/cm3.100,102 The calculated thickness was listed in Table 3.1. 
The immersion in KOH solution resulted in the continuous oxidation of Cu as in Table 3.1. 
The existence of EDTA and HCHO in the solution showed different behavior. In the case of the 
immersion in EDTA-KOH solution, the thickness of Cu2O was increased until 100 s because the 
oxide formation was dominant at the initial stage. The thickness started to decrease after 200 s 
by the dissolution of oxide. At 400 s, even the electrode was etched, the oxide thickness from 
XPS spectra still showed the existence of Cu2O, indicating that the small amount of Cu2O was 
continuously formed during the dissolution. It was found that the Cu2O formation was nearly 
stopped in HCHO-EDTA-KOH solution by the adsorption of methylene glycol anions. The 





3.1.2. Cu ELD on Cu surface 
The OCP and mass change of the electrode were also measured in the full ELD solution as 
shown in Figure 3.5. The OCP during ELD was fluctuated slightly before 200 s and then it 
reached constant value at ca. -0.7 V. The initial OCP fluctuation was assumed to be strongly 
related to the induction period which was frequently observed in general ELD process. The 
induction period is the time that the reduction of Cu ions and the oxidation of reducing agent 
become balanced. During this period, the deposition rate increased from 0.19 μg/s (69 nm/min) 
to 0.43 μg/s (156 nm/min) (Figure 3.5 inset), indicating that the deposition rate was accelerated 
as the reactions became steady-state. 
The increase in the deposition rate during the period was also observed in the immersion 
experiment. Figure 3.6 shows the change of the deposition rate according to the time. The 
deposition rate increased from 37 nm/min to 99 nm/min in 200 s, and remained nearly constant. 
Those values were also comparable to the deposition rate calculated from QCM data. The 
deposition rate from the mass change was calculated by averaging d(Δm)/dt until the fixed ELD 
times (50 s, 100 s, 200 s, 400 s). 
As in Figure 3.7, the OCP during ELD was placed at ca. -0.7 V, which was right between -0.5 
V and -0.9 V. These values are the OCPs of half-cell solutions, Cu-EDTA-KOH and HCHO-
EDTA-KOH. The addition of HCHO or Cu ions to each half cell solution also moved the 
electrode potential near to the OCP of Cu ELD. When 10 mM Cu ions, one-third of the Cu ion 




started immediately after the addition with an abrupt OCP increase. However, the deposition 
started slowly, and the OCP decreased gradually in the case of 10 mM HCHO addition to Cu-
EDTA-KOH solution, though the amount of HCHO was the same as that of Cu ions. (The 
concentration of the injected HCHO was one-tenth of the HCHO concentration in the full ELD 
solution.) The deposition rate was also slow compared to the case of Cu ion addition. This 
implied that HCHO required some time to become activated on the surface and suggested that 
the oxidation of HCHO was a rate determining step in Cu ELD.103 These two OCP values 
converged regardless of the deposition rate. The OCP of the electrode was considered to have 
been mostly affected in large portion by the adsorption of HCHO rather than other chemicals, 
resulting in the similar OCP during Cu ELD. Though the OCP did not exhibit any clear 
dependency on the deposition rate, Cu ELD was considered to have followed the mixed 
potential theory to a certain extent. 
Figure 3.8 shows the OCP and mass change after the addition of HCHO, which showed the 
slower response compared to the Cu ion addition. The deposition was not initiated when 5 mM 
of HCHO was added to Cu-EDTA-KOH solution. Slight decrease in OCP was observed, 
however, the mass of the electrode was continuously decreased, since the concentration of 
HCHO was estimated to be too low to inhibit the dissolution by EDTA. The deposition was 
initiated after the addition of HCHO exceeding 10 mM. The OCP decrease and deposition rate 
increase after the addition became faster with increasing HCHO concentration. 60 s ~ 90 s from 




steady-state in both 10 mM and 20 mM cases were 0.04 μg/s (14 nm/min) and 0.05 μg/s (18 
nm/min), respectively. (Figure 3.8 (b) inset) It was considered that the period was related to the 
time that methylene glycol anions adsorbed and became activated on the Cu surface. The 
induction period observed in Figure 3.5 might be also attributed to the adsorption and activation 






Table 3. 1. Calculated Oxide Thickness according to the Immersion time 
 
  
Solution Immersion time Cu2O thickness 
KOH 50 s 1.70 nm 
100 s 3.25 nm 
400 s 4.14 nm 
   
EDTA-KOH 50 s 1.62 nm 
100 s 2.07 nm 
200 s 1.62 nm 
400 s 1.54 nm 
   
HCHO-EDTA-
KOH 
50 s 1.63 nm 
100 s 1.87 nm 







Figure 3. 1. (a) OCP and (b) mass change of cathodically polarized electrodes in KOH, 


















































Figure 3. 2. Dependence of mass change during CR on the immersion time in (a) EDTA-
KOH and (b) HCHO-EDTA-KOH solutions. 
  












































Figure 3. 3. Potential-time curves during CR after the immersion in KOH, EDTA-KOH, and 
HCHO-EDTA-KOH solutions for 400 s. 
 
  






























Figure 3. 4. XPS spectra of Auger Cu L3M4,5M4,5 according to the immersion time in (a) KOH, 
(b) EDTA-KOH, and (c) HCHO-EDTA-KOH. 
  








































































Figure 3. 5. OCP and mass change of cathodically polarized electrode in full ELD solution. 



























































Figure 3. 6. Change of the deposition rate according to immersion time. In the case of the 
immersion process, the deposition rate was calculated from the change of sheet resistance before 




































Figure 3. 7. (a) OCP and (b) mass change of cathodically polarized electrodes in various 
solutions. The added amount at 330 s was 10 mM for both Cu ions and HCHO. 
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Figure 3. 8. (a) OCP and (b) mass change of cathodically polarized electrodes in Cu-EDTA-
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3.2. Effect of Cu oxide on Cu ELD 
3.2.1. Adsorption of HCHO on oxidized Cu surface 
In order to observe the effect of Cu oxide on Cu ELD, Cu oxide was formed after the 
cathodic polarization before the electrochemical measurement. Figure 3.9 shows XPS spectra of 
Cu 2p on the electrode. Only metallic Cu 2p3/2 was detected at 932.3 eV when the native Cu 
oxide was removed by the cathodic polarization. Cu 2p peaks were shifted to high binding 
energy region after the oxidation. The chemical shift was more obvious after H2O2 oxidation 
than air oxidation, indicating that the larger amount of Cu oxide with the higher oxidation state 
was formed. It was revealed that the oxide formed by both air and H2O2 oxidation was 
composed of both Cu2O and CuO, as reported that Cu 2p3/2 binding energies of Cu2O and CuO 
were 932.4 eV and 933.6 eV, respectively.104,105 The oxide thickness after the air oxidation was 
calculated from the XPS spectra and it was 1.63 nm. The thickness of chemically-formed oxide 
was about 11.03 nm, which was calculated from QCM data. 
The prepared electrodes were immersed in HCHO-KOH solution during the electrochemical 
measurement. Figure 3.10 (a) and (b) shows the OCP and mass change of the electrodes. HCHO 
was reported to exist as methylene glycol anions in the alkaline ELD solution. These anions 
adsorb and reduce Cu ions on the surface during ELD. On the cathodically polarized electrode, 
the OCP was placed around -0.9 V which indicated that methylene glycol anions adsorbed on 




methylene glycol anions inhibited the further oxidation in the alkaline media. The mass increase 
in 100 s was found to be related to both the Cu2O formation by dissolved oxygen and the 
adsorption of other chemicals on the electrode. When the Cu oxide was formed on the surface 
before the electrochemical measurement, the adsorption of methylene glycol anions showed a 
different behavior. On the air-oxidized electrode, the OCP was not much decreased as that of the 
cathodically polarized electrode and the mass was steadily increased by the Cu oxidation even 
methylene glycol anions were present in the solution. The OCP was slightly decreased at the 
beginning but it gradually increased again as the oxide grew. The OCP of the electrode after the 
H2O2 oxidation was also located at the less negative potential (-0.23V). The mass increase was 
also observed, however, the increase rate was slow because the thick oxide already covered the 
surface. The initial mass increase on both oxidized electrodes during the immersion was small 
compared to the cathodically polarized electrode because the pre-formed oxide was so thick that 
the diffusion of the dissolved oxygen into the film was retarded. From both results, it could be 
concluded that methylene glycol anions rarely adsorbed on the oxidized surface.106 
However, when EDTA co-existed in the solution, the OCPs of oxidized electrodes decreased 
to the value around -0.9 V from the start of the immersion with the simultaneous mass decrease 
as shown in Figure 3.11. After the mass decrease, the same trend was observed as the case of the 
cathodically polarized electrode. The mass reduction at the initial stage was associated with the 
removal of Cu oxides by EDTA. It was suspected that EDTA removed the pre-formed Cu oxides 




surface, a small amount of Cu2O also started to be formed with the adsorption of methylene 
glycol anions, resulting in re-increase in mass. The adsorbed methylene glycol anions then 
inhibited the further oxidation. Comparing Figure 3.11 with Figure 3.10, it was verified that the 
removal of Cu oxides helped the adsorption of methylene glycol anions. 
 
3.2.2. Cu ELD on oxidized Cu surface 
The graphs in Figure 3.12 are the OCP and mass change of the electrodes in the full ELD 
solution after the Cu oxide formation. On the cathodically polarized electrode, OCP was at -0.71 
V and the deposition commenced right after the immersion. However, the OCP of the oxidized 
electrode was located above -0.5 V at the beginning. It was then decreased to the value similar 
with the OCP of the cathodically polarized electrode in a few seconds. The mass of the electrode 
was reduced in this region even the electrode was immersed in the full ELD solution. This 
phenomenon was also ascribed to the dissolution of Cu oxides. EDTA removed the Cu oxide 
covering the most part of the electrode at the initial stage, causing the mass reduction. However, 
while EDTA increased the area of exposed Cu surface during the dissolution, methylene glycol 
anions also adsorbed and reduced Cu ions on the surface. Those two reactions occurred 
simultaneously at the initial stage of the deposition. For example, after the H2O2 oxidation in 
Figure 3.12 (b), the mass of the electrode was reduced until 10 s. During this time, the 




the surface was covered by the oxides. The mass increase after 10 s indicated that the deposition 
started to dominate the mass change according as the Cu oxide was removed. 
The existence of pre-formed Cu oxides also strongly affected the surface evolution during Cu 
ELD. Figure 3.13 showed the sheet resistance change and surface roughness of the deposited 
films according to ELD time. The decrease in the sheet resistance was observed right after the 
immersion, and the surface roughness was gradually increased with the deposition time on the 
cathodically polarized surface in Figure 3.13 (a) and (b). The gradual increase in the surface 
roughness was suspected to result from natural film growth as the film was thickened. The sheet 
resistance change of the oxidized electrode in Figure 3.13 (a) demonstrated that Cu ELD hardly 
took place at the beginning. The amount of the sheet resistance decrease on the air-oxidized 
surface before 3 s was smaller than that of the cathodically polarized surface because the pre-
formed Cu oxides were first removed by EDTA. A small amount of oxides formed by the air 
affected the surface roughness little as shown in Figure 3.13 (b). The lower initial surface 
roughness and smaller deposition amount of the air-oxidized surface resulted in the lower 
surface roughness than the cathodically polarized surface, throughout the deposition. In the case 
of the H2O2 oxidation, however, the sheet resistance of the Cu film was kept almost constant 
until 6 s of Cu ELD during the dissolution of Cu oxides. Small decrease in the sheet resistance 
in initial 6 s may be mainly originated from the oxide dissolution. The high surface roughness 
caused by the oxide formation at 0 s was dramatically reduced at 6 s, supporting that the large 




initiated on the surface after 6 s, causing the re-increase in surface roughness. However, the 
increase amount in the surface roughness was relatively large on the H2O2 oxidized surface 
compared to that of the cathodically polarized surface. Figure 3.14 shows surface morphologies 
at 12 s of ELD. On the H2O2-oxidized surface, many large protrusions were observed while the 
surface morphologies were similar with each other in the cases of the cathodically polarized and 
air oxidized electrodes. Since the remaining Cu oxide inhibited the adsorption of methylene 
glycol anions during Cu ELD, Cu nucleation at the initial stage of the deposition had to be poor. 
The XPS spectra of Cu 2p on the H2O2 oxidized surface according to the deposition time are 
shown in Figure 3.15 (a). It was observed that CuO was removed from the surface as the 
deposition progressed. The intensity of Cu 2p3/2 for metallic Cu at 923.3 eV was increased with 
the deposition time while the peak at the higher binding energy, which was regarded as CuO, 
was decreased. The evanishment of the satellite peak in the rage from 937.5 eV to 945.0 eV also 
corroborated the removal of CuO. The existence of Cu2O during the deposition was observed by 
Auger Cu L3M4,5M4,5 peak as shown in Figure 3.15 (b). It was reported that the differentiation 
between Cu and Cu2O was more simple in Auger Cu L3M4,5M4,5 peaks than in Cu 2p peaks 
because the energy difference between them was large: 916.8 eV for Cu2O and 918.7 eV for Cu. 
The metallic Cu started to be observed at 6 s of the deposition, indicating that Cu2O was also 
removed from the surface. The intensity of Cu was steadily increased until 12 s, though a small 







Figure 3. 9. XPS spectra of Cu 2p on Cu electrodes (a) after the cathodic polarization, (b) air 
oxidation, and (c) H2O2 oxidation. 
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Figure 3. 12. (a) OCP and (b) mass change of electrodes in the full ELD solution. 
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Figure 3. 13. (a) Sheet resistance change (ΔRs) and (b) surface roughness (Rrms) of electroless 
Cu films according to the deposition time. ΔRs was calculated by subtracting the initial sheet 
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Figure 3. 14. Surface morphologies of electroless Cu films after (a) the cathodic polarization, 







Figure 3. 15. XPS spectra of (a) Cu 2p and (b) Auger Cu L3M4,5M4,5 on the H2O2 oxidized Cu 
electrode according to the deposition time. 
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The Cu ELD mechanism was studied in real-time using the combination of OCP 
measurement and QCM. It was revealed that EDTA removed Cu oxides during the immersion 
by the complexation. Methylene glycol anions, the form of HCHO in alkaline solution, were 
adsorbed on the Cu surface and inhibited further Cu oxidation or dissolution. A small amount of 
Cu2O was formed during the immersion in EDTA-KOH and HCHO-EDTA-KOH solutions. In 
the full ELD solution, the induction period was observed in the initial stage of the deposition, 
and it was found that the adsorption and activation of methylene glycol anions on the surface 
was one of causes. The location of OCP during Cu ELD between the OCPs of the half-cell 
solutions and the OCP movement by the addition of Cu ions or HCHO suggested that Cu ELD 
followed the mixed potential theory. 
The oxide effect on Cu ELD was also studied. It was verified again that EDTA removed Cu 
oxides during Cu ELD by the complexation. Methylene glycol anions adsorbed on the surface 
after EDTA removed the pre-formed oxide. Using both EDTA and HCHO in Cu ELD solution 
facilitated Cu deposition whether Cu surface was oxidized or not. However, the existence of Cu 
oxides resulted in the high surface rougness of the deposit because of the irregular adsorption of 





Chapter IV. Effect of organic additives on Cu ELD 
4.1. PEG 
4.1.1. Adsorption behavior of PEG during Cu ELD 
Figure 4.1 (a) shows the OCP change according the injection amount of PEG8000 (Mw. 8000) 
during Cu ELD. The OCP was maintained constant value of ca. -0.70 V before the PEG8000 
injection. After the injection at 200 s, the OCP started to decrease and converged on the similar 
OCP value (ca. -0.90 V) in a few tens of seconds, even though the concentration of PEG8000 
was different. The concentration of PEG affected the decrease rate of OCP: the higher 
concentration resulted in the faster decrease in the OCP. The mass change during the OCP 
measurement was also shown in Figure 4.1 (b). The mass increase was gradually suppressed 
after the PEG8000 was injected. The suppression effect according to the PEG concentration was 
clearly observed in Figure 4.1 (b) inset. The initial deposition rate without PEG was ca. 0.55 
μg/s, and it began to decrease after the PEG8000 injection. The decrease rate became fast as the 
concentration of PEG8000 increased. However, the deposition rate was also saturated in several 
tens of seconds regardless of the concentration. The saturated deposition rate was ca. 0.02 μg/s. 
The change in the deposition rate exhibited the same trend as the change of OCP. It indicated 
that the adsorption of PEG8000 induced the decrease in OCP value with the suppression of the 




adsorption speed of PEG8000, and the convergence of both values signifies the saturation of 
PEG8000 adsorption on the surface. 
It is known that the adsorbed PEG blocks the active sites for Cu ELD, which results in the 
suppression effect. Figure 4.2 shows the OCP and mass change of the electrode in the HCHO-
free Cu ELD bath consisting of 0.03 M CuSO4·5H2O and 0.05 M EDTA (pH 12.8) with and 
without PEG8000. Before the injection of HCHO, the OCP without the injection of PEG8000 
was located ca. -0.49 V and the mass was continuously decreased with the rate of 0.01 μg/s by 
the dissolution of Cu through the complexation with EDTA. Both two values were merely 
changed after 0.50 μM of PEG8000 was injected at 200 s, indicating that the adsorption of 
PEG8000 had little influence on the dissolution behavior of Cu. It was suspected that the 
continuous dissolution of Cu disturbed the stable adsorption of PEG8000 on the surface. 
However, the obvious different behavior was observed when 0.10 M of HCHO was injected at 
400 s. In the PEG-free bath, the OCP value dropped to ca. -0.70 V after the injection with the 
fast increase in the deposition rate up to 0.50 μg/s as the deposition started. The sudden decrease 
to -0.7 V in the OCP was also observed in the presence of PEG8000 after the HCHO injection. 
The deposition rate was increased up to 0.20 μg/s at the same time, but it was then gradually 
decreased with the further decrease in the OCP. It seemed that PEG8000, which was not 
strongly adsorbed on the surface when HCHO was absent, began to adsorb on the surface as 
HCHO inhibited the dissolution of Cu and induced the deposition process. Therefore, the 




stage of the HCHO injection. As PEG8000 adsorbed on the surface after the injection of HCHO 
stopped the dissolution, the deposition rate decreased. The adsorption of PEG8000 then reduced 
active sites for the HCHO adsorption. 
Assuming that the OCP change was related with the coverage of PEG on Cu surface, 
coverage vs. time graph was obtained according to the molecular weight of PEG by using the 
following equation: 
 
PEG coverage (θ) = (Ei-Et)/(Ei-Es) [4.1] 
 
where Ei is the initial OCP prior to the PEG injection, Es is the OCP after the saturation, and 
Et is the OCP at the given time. The graphs are shown in Figure 4.3, Figure 4.4, and Figure 4.5 
with different PEG molecular weight. The coverage of PEG was increased steadily from the 
injection time and reached the saturation coverage (θ = 1) in all cases. However, the time 
required to reach the saturation coverage was dependent on the concentration and molecular 
weight of PEG. 
The adsorption kinetics of organic additives during the deposition is generally simulated by 
considering both the diffusion and adsorption itself. The general relation between the rate of 






∂θ/∂t = (D/Γs)·(∂C/∂x)x=0 [4.2] 
 
where θ is the surface coverage (0 ≤ θ ≤ 1), t is time, Γs is the saturation coverage, x is the 
distance from the electrode surface, and D and C are the diffusion coefficient and concentration 
of adsorbate, respectively. 
When the adsorption is controlled by the diffusion process, the concentration of adsorbate at 
the electrode surface is significantly lower than the bulk concentration (C*). In this case, the 
concentration at the surface can be regarded as zero for all t. Assuming that the adsorption is 
confined to a monolayer, following analytical solution can be obtained;108 
 
θ = 1-exp[-(t/T)1/2] [4.3] 
 
where T = (πΓs
2)/(4DC*2). There is no term associated with the effect of adsorbate because 
the adsorption is totally controlled by the diffusion. 
On the contrary, the diffusion can be much faster than the adsorption rate of adsorbate. As the 
amount of consumed adsorbate by the adsorption process is much smaller than that diffusing 
from the bulk, the surface concentration is considered to be same with the bulk concentration. 
The rate of the adsorption is determined by108 
 





where k denotes the adsorption rate constant. In the both two cases, it is assumed that the 
adsorption follows Langmuir-like behavior with no desorption. 
The diffusion-controlled and adsorption-controlled kinetics were also simulated in Figure 4.3, 
Figure 4.4, and Figure 4.5. The desorption of PEG and the competitive adsorption between PEG 
and HCHO were neglected because the coverage of PEG reached the unity (θ = 1) in all cases 
regardless of the PEG concentration as shown in Figure 4.1. The diffusion coefficient and 
saturation coverage of PEG used in the simulation were listed in Table 4.1. The diffusion 
coefficient according to the molecular weight was calculated from the empirical relation, D = 
1.465 x 10-4 x M-0.557, where M is the molecular weight of PEG.109 The saturation coverage was 
estimated from the projected area of PEG. The area was calculated from the hydrodynamic 
radius of PEG, assuming PEG was spherical.110 The diffusion coefficient and saturation 
coverage were decreased with the increase in the molecular weight of PEG. The adsorption rate 
constant used in the simulation was 0.002 cm/s.107 
The adsorption behavior of PEG1500 is shown in Figure 4.3. At 0.25 μM, the adsorption 
nearly followed the diffusion-controlled model. It suggested that the adsorption rate of 
PEG1500 was much faster than the diffusion at the low concentration. As the concentration 
increased, the adsorption began to follow the adsorption-controlled model as shown in Figure 
4.3 (b) and (c). The increase in the bulk concentration, which led to the high diffusion flux of 




controlled model to the adsorption-controlled model. The high diffusion coefficient of PEG1500 
was also supposed to contribute such a change. However, the coverage change still followed the 
diffusion-controlled model before 20 s in the both cases. The concentration of PEG1500 at the 
electrode surface was so low that the adsorption was temporally influenced by the diffusion at 
the initial stage of the adsorption. 
Figure 4.4 and 4.5 show the adsorption behavior of PEG8000 and PEG100000, respectively. 
The adsorption of both PEGs was totally governed by the diffusion irrespective of their bulk 
concentration. The diffusion-controlled adsorption of PEGs having high molecular weight was 
originated from their low diffusion coefficient. It was suspected that the behavior was controlled 
by the adsorption at the high surface coverage (θ ≈ 1) because the adsorption rate became 
slower as the coverage increased. However, in the experiment, the adsorption-controlled 
kinetics at the high surface coverage was not easy to be distinguished. The result was 
corresponded with other reports. The result was corresponded with other reports. U. Landau et 
al. suggested that the adsorption rate constant of PEG4000 was much higher than the mass 
transfer coefficient, resulting in the diffusion-controlled adsorption during Cu ED.111 Mota et al. 
also reported that the adsorption of PEG8000 on mercury electrode followed the diffusion-
controlled adsorption when the surface coverage was below 0.8.107  
At the same concentration, the time required to reach the saturation coverage seemed to be 
the shortest when the molecular weight of PEG was 100000 even its diffusion coefficient was 




coefficient and saturation coverage became low as the molecular weight of PEG increased. 
Therefore, Γs
2/D in Table 4.1, which was the part of T in equation [4.3], was also decreased with 
the molecular weight. The small Γs
2/D caused the fast saturation. 
The OCP and mass change of the electrode were measured with the different molecular 
weight of PEG at the same concentration (0.50 μM) as in Figure 4.6. The injection of PEG 
decreased the OCP value in all cases, however, the decrease in the OCP was increased as the 
molecular weight increased. The change in the deposition rate in Figure 4.6 (b) inset showed the 
almost same trend. The OCP of PEG1500 after the saturation was only ca. -0.81 V and the 
deposition rate was reduced to 0.08 μg/s, while those values of PEG8000 were ca. -0.90 V and 
0.02 μg/s, respectively. The addition of PEG100000 decreased the OCP to ca. -0.93 V with the 
deposition rate of 0.01 μg/s after the saturation. It suggested that PEG having the higher 
molecular weight gave the stronger suppression effect with the fast saturation time at the same 
molar concentration. The strong suppression effect of PEG100000 was supposed to mainly 
come from its large size. The steric hindrance of the large molecule effectively disturbed the 
adsorption of HCHO during the deposition.  
The OCP and mass change were also measured at the same monomer concentration, and it 
was shown in Figure 4.7. The molar concentration of PEG1500, PEG8000, and PEG100000 
were 2.7 μM, 0.50 μM, and 0.04 μM, respectively. At the same monomer concentration, the 
saturation time was the shortest in the case of PEG1500 while PEG100000 showed the slowest 




PEG8000 and PEG100000 as also observed in Figure 4.6. The slower saturation time in the 
higher molecular weight was associated with both the molar concentration and diffusion 
coefficient of PEG. As the bath containing PEG with high molecular weight had the small 
number of PEG molecules at same monomer concentration, the saturation time had to be slow. 
However, the suppression effect after the saturation was still strong at the high molecular weight. 
Figure 4.8 shows the change of the deposition rate according to PEG concentration with 
different molecular weight without electrochemical measurement. The deposition was 
performed for only 1 min to characterize the adsorption behavior of PEG. Figure 4.8 (a) shows 
the deposition rate according the molar concentration of PEG. PEG1500 showed the weakest 
suppression effect even the concentration was higher than those of other PEGs. The time to 
reach the saturation coverage was the longest, and the deposition rate after the saturation was 
also the highest. Therefore, the deposition amount during 1 min was the largest at the same 
molar concentration. On the contrary, PEG100000 suppressed the deposition effectively at the 
low concentration below 0.5 μM because of the fastest adsorption and the lowest deposition rate 
after the saturation. The deposition rate according to the monomer concentration was depicted in 
Figure 4.8 (b). The deposition rate of PEG100000 was higher than others below 16 mg/L 
because the adsorption speed of PEG100000 was slow. The saturation of the deposition rate 
with the increase in the PEG concentration was also observed in both cases. The two cases were 
well-matched with Figure 4.6 and 4.7. . It was regarded that the time to reach the saturation 




deposition rate after the saturation might be important in the long-time deposition. 
 
4.1.2. Surface morphology of electroless Cu film with PEG 
Figure 4.9 shows the surface morphologies of Cu deposits after ELD according to the PEG 
molecular weight at the same concentration. The deposition thickness was fixed at ca. 160 nm 
by controlling the deposition time. The morphology change was related to the size of adsorbed 
PEG molecules which suppressed the nucleation of Cu during Cu ELD by disturbing the 
adsorption of HCHO on the surface. It was suspected that the size of Cu nuclei was decreased 
with the increase of the PEG molecular weight, resulting in the smooth surface with the large 
PEG. It also demonstrated that the larger PEG suppressed the nucleation more effectively at the 
same concentration. 
However, the effect of the PEG molecular weight on the surface morphology was not clearly 
apparent at the same monomer concentration compared to the case with the same molar 
concentration, as shown in Figure 4.10. The surface morphology with PEG1500 did not show 
big transition even the molar concentration was increased up to 2.7 μM because the suppression 
effect of PEG1500 was relatively weak. Meanwhile, the surface morphology with PEG100000 
was thoroughly changed. The number of molecules of PEG100000 was too small to have strong 





4.1.3. Gap-filling with PEG 
The adsorption behavior of PEG explained so far showed that the adsorption speed was 
strongly dependent on its concentration and diffusion coefficient, even though the adsorption 
was observed on the flat surface. The dependency was expected to be much strengthened when 
the deposition was performed on a patterned substrate because PEG should diffuse into the 
bottom of narrow trenches. Figure 4.11 shows the change in the ratio of the film thickness at the 
bottom to the side-wall of sub-60 nm trenches according to the concentration of PEG8000. The 
ratio was increased with the increase of the concentration, and finally saturated. It demonstrated 
that the deposition rate at the bottom was faster that that at the side-wall due to the 
concentration gradient of PEG inside of the trench. The filling with PEG8000 was then tried as 
shown in Figure 4.12. However, the filling profile was not obtained with varying the 
concentration of PEG8000. The top of trenches was closed before the filling, indicating that the 
suppression effect at the top should be much enhanced. The molecular weight of PEG was 
increased for the effective suppression at the top. Figure 4.13 showed filling profiles according 






Table 4. 1. Diffusion Coefficient and Saturation Coverage of PEG 



















PEG1500 2.49 x 10-6 4.14 x 10-11 6.88 x 10-16 
PEG8000 9.81 x 10-7 6.20 x 10-12 3.92 x 10-17 













Figure 4. 1. (a) OCP and (b) mass change of Cu electrodes during Cu ELD after the injection 
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Figure 4. 2. (a) OCP and (b) mass change of Cu electrodes in Cu-EDTA-KOH bath. 0.50 μM 
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Figure 4. 3. Simulated and experimental surface coverage curves of PEG1500 according to 
the ELD time with different molar concentration, (a) 0.25 μM, (b) 0.50 μM, and (c) 1.00 μM. 
The injection time (200 s) was regarded as 0 s. 
  











































































Figure 4. 4. Simulated and experimental surface coverage curves of PEG8000 according to 
the ELD time with different molar concentration, (a) 0.25 μM, (b) 0.50 μM, and (c) 1.00 μM. 
The injection time (200 s) was regarded as 0 s. 
  














































































Figure 4. 5. Simulated and experimental surface coverage curves of PEG100000 according to 
the ELD time with different molar concentration, (a) 0.25 μM, (b) 0.50 μM, and (c) 1.00 μM. 
The injection time (200 s) was regarded as 0 s. 
  















































































Figure 4. 6. (a) OCP and (b) mass change of Cu electrodes during Cu ELD after the injection 
of 0.50 μM PEG. PEG was injected at 200 s. (inset: d(Δm)/dt vs. time) 
  







































































Figure 4. 7. (a) OCP and (b) mass change of Cu electrodes during Cu ELD after the injection 







































































Figure 4. 8. The deposition rate according to the concentration of PEG, (a) molar 
concentration and (b) mass concentration. The deposition time was 1 min (inset: magnified 
image in the concentration rage of 0 μM  ~ 2.5 μM). 
  













































































Figure 4. 9. Surface morphologies of Cu deposits with 0.50 μM of (a) PEG1500 (2 min), (b) 







Figure 4. 10. Surface morphologies of Cu deposits with 4 mg/L of (a) PEG1500, (b) 







Figure 4. 11. The bottom/side and bottom/top thickness ratio according to the concentration 
of PEG8000. The deposition time was 1 min. 
  











































Figure 4. 12. Filling profiles according to the concentration of PEG8000, (a) 36 mg/L, (b) 72 







Figure 4. 13. Filling profiles according to the concentration of PEG100000. The deposition 





4.2. Combination of 2,2’-dipyridyl and DPS 
4.2.1. Adsorption behavior of 2,2’-dipyridyl 
The addition of 2,2’-dipyridyl to the ELD bath improves the physical properties of Cu 
deposits, such as the ductility and surface smoothness.67 Furthermore, it is also effective on the 
stabilization of the bath. Figure 4.14 shows the suppression effect of 2,2’-dipyridyl. The 
addition of 2,2’-dipyridyl at 200 s shifted the OCP value to the negative direction, and the 
degree of the shift mounted with increasing the concentration of 2,2’-dipyridyl. It reflected that 
the adsorption 2,2’-dipyridyl reduced OCP during Cu ELD. The mass increase was retarded 
with the adsorption, as shown in Figure 4.14 (b). The reduction of the deposition rate occurred 
right after the injection, and the deposition rate was then stabilized in 10 s. It indicated that the 
adsorption of 2,2’-dipyridyl on the surface was fast. The degree of the reduction in the OCP and 
deposition rate became saturated at the high concentration of 2,2’-dipyridyl because the 
adsorption sites for the additive were limited on the surface. The deposition rate, which was 
originally ca. 0.52 μg/s, was reduced down to ca. 0.13 μg/s by the addition of 400 mg/L 2,2’-
dipyridyl. 
Figure 4.15 is the change of the deposition rate according to the concentration of 2,2’-
dipyridyl in the immersion process without electrochemical measurement. The similar trend was 
observed as Figure 4.13 except the 3 mg/L of 2,2’-dipyridyl addition which accelerated the 





4.2.2. Adsorption behavior of DPS 
The effect of DPS addition was shown in Figure 4.16 and Figure 4.17. The low concentration 
of DPS was reported to accelerate the deposition rate in Cu ELD and it was confirmed again in 
the measurement.75 The deposition was accelerated with the addition of DPS below 1 mg/L, as 
depicted in Figure 4.16 (b). In this range, the OCP was also decreased as DPS adsorbed on the 
surface. The OCP was stabilized after 80 s from the addition, which was much longer time than 
10 s of 2,2’-dipyridyl case. In this period, the temporary decrease in the deposition rate was 
observed in Figure 4.16 (b) inset. However, it was soon recovered and even accelerated up to 
0.66 μg/s (1 mg/L DPS). It was supposed that DPS required the induction time to be activated 
for the acceleration. It was not sure, however, it was suspected that DPS changed its form to 
another on Cu surface during the induction time, which facilitated the acceleration of the 
deposition. At the higher concentration than 2 mg/L, the OCP decreased fast, but it began to 
increase again. At 4 mg/L of DPS, the OCP increase was found to stop when it reached ca. -0.66 
V. The deposition was also strongly suppressed at those conditions. The deposition rate was 
reduced to 0.58 x 10-2 μg/s at 2 mg/L and 0.10 x 10-2 μg/s at 4 mg/L, respectively. The initial 
OCP decrease after the addition of DPS stood for the DPS adsorption, however, the latter OCP 
increase seemed to show another part of the DPS adsorption. It was reported that DPS changed 




same way, the OCP increase at the high concentration in ELD might be also attributed to the 
tautomerization of DPS on the surface, which suppressed Cu ELD. 
 
4.2.3. Synergetic effect of 2,2’-dipyridyl and DPS 
When 2,2’-dipyridyl and DPS were added together, the suppression effect of DPS appeared at 
the lower concentration than 1 mg/L. Figure 4.18 (a) and (b) show the OCP and mass change of 
the electrode after the addition of both additives at once. With the addition, the OCP 
immediately decreased, and the deposition rate also decreased to 0.16 μg/s in 10 s from the 
injection time, regardless of DPS concentration. This fast decrease in the deposition rate was 
mainly due to the fast adsorption of 2,2’-dipyridyl rather than that of DPS. The concentration of 
2,2’-dipyridyl was relatively higher than DPS, thus, the adsorption of 2.2’-dipyridyl was 
dominant in the initial stage. The DPS adsorption was clearly observed after 10 s from the 
injection time. With the adsorption of DPS, the deposition rate was additionally decreased from 
0.16 μg/s to 1.10 x 10-2 μg/s even the concentration was lower than 1 mg/L, as shown in Figure 
4.18 (b) inset. The value of 0.10 x 10-2 μg/s was the deposition rate at 4 mg/L of DPS in Figure 
4.16, and the deposition rate was saturated at this value regardless of the DPS concentration. 
The OCP increase was also observed when the deposition was suppressed, indicating that the 
similar suppression occurred with the case that DPS was used alone. It demonstrated that the 




became fast with the concentration of DPS: the time that the OCP started to increase was 
reduced, and the decrease in the deposition rate became fast. It was assumed that DPS adsorbed 
slowly and accumulated on the surface with 2,2’-dipyridyl. The saturation of the deposition rate 
independent of the DPS concentration supported the assumption. The acceleration effect was not 
observed in the concentration range of 0.5 mg/L ~ 2 mg/L DPS in the presence of 100 mg/L 
2,2’-dipyridyl. 
2,2’-dipyridyl and DPS were added in order, to confirm that the combination of 2,2’-dipyridyl 
and DPS enhanced the suppression effect. Additives were added at (1) 200 s and (2) 300 s as 
shown in Figure 4.19. In both cases, OCP was decreased with the first addition. The OCP 
behavior was also similar with each other after the second addition irrespective of whether the 
additive was 2,2’-dipyridyl or DPS. The second addition caused the decrease and re-increase in 
the OCP, indicating that Cu ELD was strongly suppressed by DPS. Changes in the deposition 
rate by the addition were shown in Figure 4.19 (b) inset. When 2,2’-dipyridyl was added first, 
the deposition rate was decreased as expected. Then the additional injection of DPS led to the 
further decrease in the deposition rate to 0.10 x 10-2 μg/s. On the contrary, the first addition of 
DPS accelerated the deposition rate up to 0.61 μg/s at 300 s. However, the injection of 2,2’-
dipyridyl at 300 s quickly reduced the deposition rate to 0.10 x 10-2 μg/s. The acceleration effect 
of DPS was thoroughly eliminated by the addition of 2,2’-dipyridyl. The independence of the 
final deposition rate without reference to the addition order demonstrated that the adsorption of 




enhancement of the suppression effect was originated from the interaction between 2,2’-
dipyridyl and DPS during Cu ELD. 
 
4.2.4. Gap-filling of sub-60 nm trenches 
The electroless filling of sub-60 nm trenches was performed with the additives. Figure 4.20 
shows the filling profile according to the DPS concentration without 2,2’-dipyridyl. The 
concentration range of DPS was set as 4 mg/L ~ 16 mg/L, which were higher values than the 
DPS concentration used in the electrochemical analysis, considering the surface area of the 
substrate. It was reported that the filling of 500-nm trenches was achieved by only DPS.75 
However, voids were observed inside of sub-60 nm trenches in all cases conducted in this study. 
It was supposed that the filling with DPS only was not sufficient to induce the bottom-up filling 
on sub-60 nm trenches. As shown in Figure 4.16, DPS was found to require the induction time 
for the acceleration of ELD. The induction time might be too long for the filling of such narrow 
trenches to obtain the acceleration effect at the bottom. Furthermore, the concentration gradient 
of DPS inside of trenches might be relatively small compared to large trenches, leading to the 
inefficient suppression at the top and the acceleration at the bottom. The increase in the DPS 
concentration dramatically suppressed the deposition. However, the further increase in DPS 
concentration to reinforce the suppression effect resulted in the irregular deposition as shown in 




1200 mg/L of 2,2’-dipyridyl was then added with DPS in Figure 4.21 to enhance the 
suppression effect. 4 mg/L of DPS in Figure 4.21 (a) still showed voids inside of trenches. It 
seemed that 4 mg/L of DPS was insufficient to suppressed the deposition at the top of the 
trenches. The bottom-up filling profile was obtained without any voids when DPS concentration 
was 12 mg/L. (Figure 4.21 (c)) It was assumed that the fast adsorption of 2,2’-dipyridyl reduced 
the deposition rate at the initial stage of the deposition. Then DPS slowly adsorbed on the trench 
surface with the adsorption speed proportional to the concentration gradient, which was 
established inside of trenches due to the diffusion and consumption of DPS. As the decrease in 
the deposition rate was proportional to the DPS concentration, the bottom of the trenches was 
suppressed lastly, leading to the successful bottom-up filling. Over 16 mg/L, the deposition was 
strongly suppressed due to excessive DPS concentration.  
Figure 4.22 and Figure 4.23 show filling profiles and the change in the thickness ratio 
according to the deposition time when 2,2’-dipyridyl and DPS was 1200 mg/L and 12 mg/L, 
respectively. It was clearly observed that Cu was deposited from the bottom of the trenches. The 








Figure 4. 14. (a) OCP and (b) mass change of electrodes in Cu ELD solution with 2,2’-













































































Figure 4. 15. The change of the deposition rate according to the concentration of 2,2’-
dipyridyl. 
  






























Figure 4. 16. (a) OCP and (b) mass change of electrodes in Cu ELD solution with DPS 
concentration. DPS was added at 200 s. (inset: d(Δm)/dt with time) 
  














































































Figure 4. 17. The change of the deposition rate according to the concentration of DPS. 
  


































Figure 4. 18. (a) OCP and (b) mass change of electrodes in Cu ELD solution with DPS 
concentration in the presence of 100 mg/L 2,2’-dipyridyl. Both DPS and 2,2’-dipyridyl were 
added at 200 s. (inset: d(Δm)/dt with time) 
  





























 0 mg/L DPS + 100 mg/L 2,2'-dipyridyl
 0.5 mg/L DPS + 100 mg/L 2,2'-dipyridyl
 1 mg/L DPS + 100 mg/L 2,2'-dipyridyl













































Figure 4. 19. (a) OCP and (b) mass change of electrodes in Cu ELD solution according to the 
order of the additive injection. Additives were added at (1) 200 s and (2) 300 s. (inset: d(Δm)/dt 
with time) 
  










































 (1) 100 mg/L 2,2'-dipyridyl, (2) 1 mg/L DPS

































Figure 4. 20. Electroless Cu filling profiles according to (a) 4 mg/L, (b) 8 mg/L, (c) 12 mg/L, 







Figure 4. 21. Electroless Cu filling profiles according to (a) 4 mg/L, (b) 8 mg/L, (c) 12 mg/L, 







Figure 4. 22. Electroless Cu filling profiles with 1200 mg/L of 2,2’-dipyridyl and 12 mg/L 
























































The adsorption of PEG during Cu ELD was investigated by the OCP measurement with QCM. 
The adsorption of PEG suppressed the deposition by blocking the active sites for HCHO 
adsorption. The adsorption kinetics of PEG was controlled by the diffusion as well as adsorption. 
PEG1500, which had the comparatively high diffusion coefficient, showed the adsorption-
controlled kinetics at high concentration. However, PEG8000 and PEG100000 followed rather 
the diffusion-controlled kinetics because their diffusion coefficients were small. The effect of 
PEG with different molecular weight was compared at the same molar concentration as well as 
the same monomer concentration. The adsorption speed of PEG was largely dependent on the 
molar concentration while its suppression effect was considerably affected by the molecular 
weight. The suppression effect became stronger with increasing the molecular weight of PEG 
due to the steric hindrance of the molecules. Using the diffusion-controlled kinetics of PEG 
adsorption, the filling of sub-60 nm trenches was tried. However, the filling was failed due to 
the weak suppression of PEG at the top of the trenches. 
The effects of 2,2’-dipyridyl and DPS on Cu ELD were also investigated. The adsorption of 
2,2’-dipyridyl reduced the deposition rate fast, and the degree of the reduction was increased 
with its concentration. DPS was found to act as both an accelerator and suppressor, depending 
on its concentration. At the high concentration of DPS, the deposition was inhibited, and it was 




the addition of 2,2’-dipyridyl with DPS. With 2,2’-dipyridyl, the addition of a trace of DPS 
could inhibit the deposition. The suppression became stronger as DPS adsorbed on the surface, 
and the speed of DPS adsorption was increased with increasing DPS concentration. Using those 
properties, the filling of sub-60 nm trenches was performed. The filling with single DPS was not 
successful, however, the filling with both 2,2’-dipyridyl and DPS achieved the bottom-up filling. 









In this research, the mechanism of Cu ELD was investigated using the OCP measurement 
assisted by QCM for the application to the metallization in Cu damascene process. The OCP 
measurement with QCM realized the real-time observation of the adsorption behaviors of both 
reactants and additives during Cu ELD. The study was divided into two sections, 1) the 
investigation of basic Cu ELD mechanism and 2) the observation of additive adsorption during 
the deposition. 
 
1. In the investigation of basic Cu ELD mechanism, the role of each chemical component in 
Cu ELD bath was investigated individually. It was observed that Cu surface in alkaline solution 
was continuously oxidized by dissolved oxygen, forming Cu2O. However, when EDTA was 
introduced into the alkaline bath, the oxide formed in the solution was continuously dissolved 
out by the complexation with EDTA at the same time. Both the formation and dissolution of Cu 
oxide were stopped by the addition of HCHO into the bath, which indicated that the adsorption 
of HCHO on the surface inhibit the further oxidation and dissolution. From those results, it 
could be concluded that the presence of EDTA and HCHO in the ELD bath kept the Cu surface 
from the oxidation during Cu ELD. The real Cu ELD was also performed during the 
electrochemical measurement, and the induction period was observed on the Cu surface in the 




that after the period. The induction period observed at the initial stage of Cu ELD was strongly 
related with the adsorption and activation of HCHO. 
The existence of pre-formed Cu oxides on the surface affected the deposition even EDTA 
removed Cu oxides from the surface. It was observed that HCHO rarely adsorbed on the 
oxidized surface in the absence of EDTA. The adsorption occurred with EDTA because EDTA 
removed the oxides at the initial stage of the immersion and helped the adsorption of HCHO. 
The same procedure was also observed in the full ELD solution; the deposition took place 
concurrently with the oxide removal. Although the deposition occurred on the surface whether 
the oxides were formed or not, the surface morphology was largely affected by the pre-formed 
oxides. The large amount of oxides resulted in the high surface roughness with many 
protrusions due to the irregular adsorption of HCHO while EDTA removed the oxides.  
 
2. The adsorption of PEG during Cu ELD was investigated first. It was found that PEG 
gradually adsorbed on the surface during Cu ELD, reaching the saturation coverage. The 
deposition rate was also suppressed as PEG adsorbed. The adsorption speed of PEG was 
affected by the concentration of PEG, while the suppression effect after the saturation was not. 
The adsorption of PEG during the deposition followed Langmuir adsorption. The simulation of 
PEG adsorption revealed that the adsorption kinetics depended on the diffusion coefficient of 
PEG. PEG1500, which has the relatively high diffusion coefficient, showed the kinetic-




adsorption due to their low diffusion coefficients. The effect of the molecular weight of PEG 
was also observed at the same molar concentration and at the same monomer concentration. The 
adsorption speed of PEG100000 was the fastest at the same molar concentration, while it was 
the slowest at the same monomer concentration. It was suspected that the number of molecules 
and the saturation coverage were important factors affecting the adsorption speed. The 
suppression effect of PEG100000 was the strongest in both conditions, resulting from its large 
steric hindrance. The electroless filling of sub-60 nm trenches was tried with PEG, however, it 
was failed due to its ineffective suppression at the top of trenches. 
The adsorption behaviors of 2,2’-dipyridyl and DPS were also investigated. The addition of 
2,2’-dipyridyl into the ELD bath reduced the deposition rate, whereas the addition of DPS 
showed both acceleration and suppression effects according to its concentration. When both two 
additives were used together, the suppression effect of the deposition was enhanced. The 
addition of the small amount of DPS to the bath containing 2,2’-dipyridyl reduced the 
deposition rate further even its concentration range was in the acceleration region when it was 
used alone. In that case, the adsorption of 2,2’-dipyridyl was dominant at the initial stage due to 
its larger concentration than DPS. The additional suppression by the DPS adsorption was clearly 
observed after the adsorption of 2,2’-dipyridyl. Using the enhanced suppression effect, the 
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반도체 공정은 구리 다마신 공정의 도입으로 기존의 배선 재료인 알루미늄을 구
리로 전환하면서 혁신적인 발전을 이루었으며, 현재까지 집적도 증가와 적층 기술
로 소자의 성능 향상을 도모하였다. 하지만 근래에 들어서 소자의 집적도 증가에 
따른 구리 선폭의 감소가 야기하는 확산 방지층/구리 씨앗층 형성 문제로 인하여 
차세대 반도체 소자 제작에 어려움을 겪고 있다. 이러한 문제점들을 해결하기 위하
여 원자층 증착법, 무전해 도금 등 다양한 방법이 고안되고 있다. 특히 구리 무전해 
도금은 확산 방지층 위 구리 씨앗층을 균일하게 형성할 수 있을 뿐 아니라, 원자층 
증착 방법을 이용한 루테늄 합금 또는 코발트 합금 계열의 차세대 확산 방지층 위
에서도 구리 박막 형성이 가능하여 차세대 구리 배선 방법으로 주목 받고 있다. 본 
논문에서는 개회로전압 측정과 수정진동자저울을 통해 전극의 무게 변화를 측정함
으로써 구리 무전해 도금을 실시간으로 관찰할 수 있는 방법을 개발하였으며, 이를 
통해 구리 무전해 도금의 메커니즘과 구리 무전해 도금에 사용되는 첨가제의 역할
을 연구하였다. 또한 60 nm 미만의 트렌치에서 구리 초등각 전착을 성공시켜, 차세






구리 무전해 도금 메커니즘 연구에서는 우선, 구리 무전해 도금 용액을 구성하는 
요소가 구리 전극에 미치는 영향을 개별적으로 파악하였다. 구리 전극은 염기성 용
액 내에서 지속적으로 산화되었다. 하지만 착화제인 에틸렌디아민산이 용액 내에 
함께 존재하면, 용존 산소에 의하여 지속적으로 산화되는 구리 전극 표면의 산화물
과 착화합물을 형성·용해시키는 것으로 나타났다. 환원제인 포름알데히드는 구리 
전극 표면에 흡착하여 추가적인 전극의 산화를 억제하였다. 따라서 이러한 두 반응
물은 구리 무전해 도금 시에 표면에 구리 산화막 형성을 억제하는 역할을 한다고 
볼 수 있다. 또한 실제 구리 무전해 도금 시에 도금 초기에 관찰되는 유발 기간 동
안에는 도금 속도가 유발 기간 이후의 도금 속도에 비해 낮은 것을 확인하였는데, 
이는 포름알데히드의 흡착과 산화가 일어나기까지의 시간과 관련이 있는 것으로 나
타났다. 이와 함께 구리 산화막이 구리 무전해 도금 박막에 미치는 영향도 연구하
였다. 표면에 구리 산화막이 존재할 경우에, 에틸렌디아민산이 구리 산화막을 제거
하기 전까지는 포름알데히드의 흡착이 원활하지 않은 것으로 나타났다. 이러한 현
상은 실제 구리 박막에서도 동일하게 반영되었으며, 도금 전 구리 산화막이 많이 
형성되어 있을수록 포름알데히드의 불균일한 흡착으로 인해 표면이 거칠어짐을 확






구리 무전해 도금에 이용하는 대표적인 첨가제로, 억제제인 PEG와 안정제인 2,2’-
dipyridyl, 가속제겸 억제제인 DPS의 영향을 연구하였다. 구리 무전해 도금 중 PEG
는 점진적으로 구리 표면에 흡착하였으며, 흡착과 함께 도금 속도를 감소시켰다. 
PEG의 흡착으로 인한 도금 속도의 감소는 흡착한 PEG가 포름알데히드의 흡착을 
방해하기 때문인 것으로 나타났다. 무전해 도금 중 PEG의 흡착 동특성은 PEG의 분
자량과 직접적으로 연관이 있는 확산계수에 크게 영향을 받았다. 분자량이 작은 
PEG는 흡착 지배 동특성을, 분자량이 큰 PEG는 확산 지배 동특성을 나타내는 것을 
확인할 수 있었다. 뿐만 아니라 같은 몰농도, 같은 단량체 농도에서 PEG의 분자량
에 따른 효과도 확인하였으며, PEG 분자량이 클수록 억제효과가 크게 나타났다. 
2,2’-dipyridyl 과 DPS 또한 그 흡착 동향을 살펴보았으며, 2,2’-dipyridyl은 농도가 증
가함에 따라 도금 속도를 감소시켰고, DPS는 농도에 따라 도금 속도를 가속시키거
나 억제시켰다. 하지만 두 첨가제를 동시에 첨가하였을 경우에는 두 첨가제의 상호 
작용으로 인하여 도금 속도가 빠르게 억제됨을 확인할 수 있었다. 이러한 성질을 
이용하여 60 nm 미만의 트렌치의 초등각 전착에 성공하였다. 







Optimization of Catalyzing Process on Ta Substrate for Copper 
Electroless Deposition Using Electrochemical Method 
 
An electrochemical monitoring method was introduced to optimize catalyzing process prior 
to Cu electroless deposition on a Ta/TaN barrier. It utilized the electro-oxidation of 
dimethylaminoborane on the Pd particles formed on the substrate after the catalyzing process. 
The anodic current of the dimethylaminoborane oxidation was only detected when Pd particles 
existed, and its peak current showed a linear dependency on the Pd particle density. It was also 
found that the oxidation on Pd particles was an irreversible process accompanying 3-electron 
transfer. Using the electrochemical method, the optimization of the catalyzing process was 
performed to maximize the number of Pd particles per unit area (1 cm2). After the optimization, 
Cu electroless deposition was performed. A minimum 18-nm-thick Cu seed layer was 
successfully obtained and the adhesion strength was good enough to maintain the flaking-free 







With the development of semiconductor devices, Cu has been employed in the metallization 
process as a conduction material instead of Al to reduce RC delay (resistance-capacitance delay) 
in signal transfer.1 Electrodeposition (ED) is generally used to form Cu conduction lines, and it 
requires a Cu seed layer for the current path because ordinary diffusion barriers, such as Ta/TaN 
and TiN/Ti, are highly electrical-resistive. Conventional Cu seed layer formation is usually 
carried out via physical vapor deposition (PVD). However, as the size of the metal line has 
dwindled, depositing the thin layer uniformly throughout the vias and trenches has become very 
difficult due to the intrinsic directionality of PVD. The poor step-coverage thus introduces a lot 
of defects in Cu seed layer, leading to poor reliability of the Cu filling.2, 3 In contrast with PVD, 
Cu electroless deposition (ELD) shows conformal deposition characteristics with relatively 
good step-coverage.4 Therefore, Cu ELD has become a promising candidate for the deposition 
of Cu seed layers in the next semiconductor process.5, 6 
The prerequisite of seed layer deposition by Cu ELD is to form catalysts on the diffusion 
barriers owing to their chemical inactivity. The catalyzing process is generally termed as surface 
activation, and Pd has been widely used as such a catalyst. To date, several surface activation 
methods have been reported in the literature including: one-step activation, two-step activation, 
and the deposition of Pd nanoparticles.7-10 These processes determine the density and size 
distribution of Pd particles formed on the surface. They govern not only the minimum thickness 
for the formation of a continuous ELD film but also the adhesion strength between the film and 




preferentially as shown in Figure 1. This growth mode continues until Cu clusters coalesce and 
thus cover the entire surface, followed by subsequent two-dimensional growth (2D) normal to 
the surface.11, 12 The time required to reach the 2D growth mode from the start of the three-
dimensional (3D) growth is defined as the incubation time. This incubation time is an indicator 
of the completion of the continuous film, and is determined by the density and average size of 
Pd particles.13 
For this reason, many efforts have been devoted to increasing the density of Pd particles. The 
density was generally measured from surface images by counting the Pd particles on a diffusion 
barrier. The method is still powerful in particle quantification so far, however, it has some 
limitations because it is sample-destructive and strongly depends on the resolution of images. 
Several methods have thus been suggested to complement the particle-counting method, which 
involves the electrochemical induction of hydrogen adsorption/desorption on Pd particles and 
the measurement of electroless deposition rate on Pd.14-16 However, these methods still have 
their drawbacks. The hydrogen adsorption/desorption on Pd is not directly related to the 
chemical reactions in ELD, and the measurement of the deposition rate right on Pd is difficult 
because it occurs over a very short period of time. 
In our study, another evaluation method was developed by using the electrochemical 
oxidation of a reducing agent, dimethylaminoborane (DMAB), which has been widely 
employed in Cu ELD. Even though the oxidation of reducing agents on Cu or Pd film has been 




particle density on an inactive diffusion barrier is still rare.17, 18 This study focused on the 
relationship of DMAB oxidation with Pd particle density and the technical issues in the direct 




The substrate used in the experiment was Ta (PVD, 7.5 nm)/TaN (PVD, 7.5 nm)/Si. It was cut 
into 1.5 cm × 1.5 -cm squares. Prior to the experiments, all substrates were ultrasonicated with 
isopropyl alcohol (IPA) for 1 min to remove organic contaminants and then rinsed in DI water. 
The two-step activation was adapted in this work due to its relative ease to obtain various Pd 
particle densities while almost maintaining the size distribution. The schematic diagram of the 
two-step activation is depicted in Figure 2. Before the activation step, native Ta oxide was 
removed by the immersion in etching solution for 5 min. The solution used for Ta oxide etching 
was composed of 20 ml/L HF (48-51%) and 20 ml/L HNO3 (60-62%). After the removal, the 
substrate was dipped into DI water three times for 10 s each. Sn sensitization was then 
performed in a solution consisting of 30 mM SnCl2 and 40 - 100 ml/L HCl (35-37%) as the first 
step in the two-step activation. Following Sn sensitization, Pd activation was accomplished by 
immersing in a solution containing 0.6 mM PdCl2 and 1.5 - 12 ml/L HCl. The concentration of 
HCl and the immersion time in both processes were varied to optimize the catalyzing process. 




after Sn sensitization and Pd activation steps. Samples were dried through N2 blowing after Pd 
activation. All of these processes were conducted at room temperature. 
A linear sweep voltammetry (LSV) was performed on the as-prepared samples. During the 
electrochemical analysis, each substrate was loaded in the electrochemical cell and exposed to 
the electrolyte as a working electrode with an area of 1 cm2. The other part of the substrate was 
completely sealed from the electrolyte. A saturated calomel electrode (SCE) and a Pt wire were 
used as a reference electrode and a counter electrode, respectively. The range of potential sweep 
was from -1.0 V to 0.3 V (vs. SCE) with a scan rate of 20 mV/s. The solution of 0.05 M DMAB 
was used as electrolyte. pH of the solution was adjusted to 13.5 by adding KOH. All 
electrochemical analysis was conducted at room temperature. 
The catalyzing process was optimized in order to achieve the maximum Pd particle density by 
using the electrochemical method. Variables that can be optimized included the composition of 
solution and process time in each step. After optimization, Cu ELD was carried out on the 
substrate with a bath composition of 4 mM CuSO4·5H2O, 8 mM EDTA, 14 mM p-HCHO, and 
69 mM KOH. The deposition temperature was 70℃. For the adhesion test, Cu ED was also 
performed at room temperature by applying -200 mV (vs. open circuit potential) in the 
electrolyte made up of 0.25 M CuSO4·5H2O, 1.0 M H2SO4, 88 μM polyethylene glycol (PEG-
3400, Mw. 3400), 1 mM NaCl, and 50 μM SPS (bis(3-sulfopropyl)disulfide). The charge 





Potentiostat 263A (EG&G) was applied in the electrochemical analysis. The sheet resistance 
of film was measured using a four-point probe (CMT-SR 1000N). The surface morphology was 
examined by a field emission scanning electron microscope (FE-SEM, JSM-6330F) and the 
number of Pd particles was counted from SEM images. In the SEM analysis, the Pd density and 
particle size were measured using at least three different spots on the same sample.  
 
3. Electrochemical oxidation on Pd particles 
 
LSV was characterized in KOH solution (pH 13.5) prior to the electrochemical analysis of 
DMAB oxidation. Figure 3 shows the linear voltammograms of substrates after each treatment 
step. No obvious difference in the curve shape was observed between Figure 3 (i) and (ii). It 
implies that the adsorbed Sn colloids had no influence on the shape of the current-potential 
curve in KOH solution. The small anodic current detected over -0.3 V from both samples was 
related to Ta oxidation during the potential sweep. Meanwhile, as shown in Figure 3 (iii), the 
cathodic current was measured on the Pd-activated surface below -0.1 V. It might have been 
attributed to the catalytically-induced hydrogen evolution occurring on Pd particles after 
activation.19 It was also expected that the oxidation of Ta proceeded in the same manner on the 
Pd-activated substrate, but the cathodic current of hydrogen evolution might overlap the anodic 
current. 




change in current profiles of samples (i) before and (ii) after Sn sensitization as shown in Figure 
4 (a). It indicated that the substrate and Sn colloids were also electrochemically-inactive on the 
oxidation of DMAB. The small anodic current contributed by the Ta oxidation was still 
observed in the both cases even when DMAB was present in the solution. However, in the case 
of the Pd-activated sample, a large anodic current was obviously detected instead of the 
cathodic current resulting from hydrogen evolution. (Figure 4 (iii) and (iv)) This anodic current 
was found to be associated with the oxidation reaction of DMAB on Pd particles. It was 
supposed that each Pd particle would act as a small catalyst for DMAB oxidation, enhancing the 
charge transfer at the interface. (iii) and (iv) in Figure 4 (a) demonstrated that Pd particles 
promoted the electro-oxidation of DMAB. The peak of the anodic current was increased from -
0.54 mA/cm2 to -2.11 mA/cm2 with the increase of Pd particle density from 1.33 × 1010 #/cm2 to 
5.05 × 1010 #/cm2. (Figure 4 (b)) The higher Pd particle density, the higher anodic current was 
detected. 
Based on the result, substrates with various Pd particle densities were examined by the 
electrochemical analysis. The samples were randomly prepared by varying the process time and 
concentrations of species in the solution at each pretreatment step. The size of the Pd particles 
formed on the samples was in the range of 10 nm ~ 20 nm. Figure 5 illustrates the relationship 
between the peak current and the Pd particle density. The peak current of DMAB oxidation was 
found to be proportional to the Pd particle density and both were linearly dependent. Since only 




reaction sites for the oxidation, inducing the larger anodic current. Therefore, each Pd particle 
on the surface could be regarded as a small and real working electrode on the DMAB oxidation. 
Many literatures describe the complex electron transfer reaction in the oxidation of DMAB. 
The oxidation reaction of DMAB is generally known to occur as shown in the following 





-(aq) + (CH3)2NH(aq)   (1) 
The BH3OH
- is then oxidized electrochemically via two ways, 6-electron process (maximal 
efficiency): 
BH3OH
-(aq) + 6OH-(aq) → B(OH)4-(aq) + 3H2O(l) + 6e
-   (2) 
Or 3-electron process (low efficiency), producing molecular hydrogen: 
BH3OH
-(aq) + 3OH-(aq) → B(OH)4-(aq) + 3/2H2(g) + 3e
-   (3) 
The factors which determine whether the oxidation of DMAB follows either (2) or (3) are the 
transition metal surfaces used as catalysts. 
BH3OH- also decomposes by following reaction: 
BH3OH
-(aq) + 3H2O(l) → B(OH)
4-(aq) + 3H2(g)   (4) 





Figure 6 depicts the peak current density as a function of the area of Pd particles exposed to 
the electrolyte. The peak current density was proportional to the area of Pd particles, which was 
measured from SEM images by using Scion image. The same trend observed in both Figure 5 
and 6 demonstrated that the sizes of Pd particles were similar to each other even when the 
catalyzing method was changed. 
The peak current density of DMAB oxidation can be calculated on the theoretical basis. It 
was assumed that the oxidation of DMAB on Pd particles was irreversible since the electro-
oxidation of DMAB on Au was known to be an irreversible process by many literatures.20-22 The 
equation of the theoretical peak current density (Ip) for an irreversible system is as follows:23 
Irreversible system: Ip = (2.99 × 10
5)n(αna)
1/2AD1/2C*υ1/2   (4) 
Where D is the diffusion coefficient of DMAB, n is the number of electrons used in the 
process, A is the electrode area and C* is the concentration of DMAB (0.05 M). The scan rate (υ) 
was 0.02 V/s. The number of electrons (n) in the DMAB oxidation can be either 6 or 3, 
dependent on the reaction pathway (2) or (3). The charge transfer coefficient (α) and the number 
of electrons transferred in the rate-determining step (na) were fixed to 0.5 and 1, respectively. 
As reported by D. Plana, et al. who studied the electro-oxidation of DMAB on Au, the 
calculated D value of DMAB was 1.7 × 10-5 cm2/s, assuming n equal to 3.20 Figure 6 shows Ip 
calculated by equation (4) when n and D are 3 and 1.7 × 10-5 cm2/s. The values were slightly 
lower than the experimental results, however, both two cases were comparable. It means that the 




electron transferred, n = 3, indicated that DMAB oxidized on Pd particles with low efficiency. 
(Reaction (3)) The DMAB oxidation through Reaction (3) normally accompanies the production 
of molecular hydrogen, resulting in hydrogen evolution which was clearly observed during the 
potential sweep. The lower calculated Ip values compared to the experimental results are 
possibly originated from the Pd area calculation. This is because the Pd area measured by Scion 
image was the projection area, assuming that Pd particles formed two-dimensionally. However, 
the actual shape of Pd particle might be rather similar to hemisphere than circle. If the 
calculation was preceded by considering the shape of Pd particle, higher Ip could be obtained. It 
was also supposed that other side reactions such as Ta oxidation might perturb the accurate 
measurement of the oxidation current of DMAB. 
 
4. Optimization of catalyzing process 
 
The optimization of the catalyzing process was then performed by using the relationship 
between the peak current density and Pd particle density. The experimental conditions for both 
the Sn sensitization and Pd activation were changed by varying HCl concentration and process 
time. The concentrations of SnCl2 and PdCl2 were maintained constant, at 30 mM and 0.6 mM, 
respectively. The calculated density and average size of Pd particles for each sample were listed 
in Table 1. 




according to HCl concentration and immersion time in Sn sensitization process, respectively. As 
shown in Figure 7 (a), the peak current density was changed with HCl concentration and it 
reached the highest value at 60 ml/L of HCl. It was reported that the chloride ion (Cl-) from HCl 
acted as a counter ion, affecting the size and zeta potential of Sn colloids in the solution.24 
Therefore, the size of Sn colloid was normally decreased when HCl concentration increased, 
and it was well-presented in Table 1. The size of Sn colloid is known to be directly related to the 
size of Pd particles since the displacement reaction occurs between Sn colloid and Pd2+ ion; the 
size of Pd particle was decreased with the increase of HCl concentration. The density was also 
changed with HCl concentration because the zeta potentials of Sn colloid and substrate were 
altered by the pH change in solution. It seemed that the attractive interactions between them 
were maximized at 60 ml/L of HCl. The slight peak shift observed in Figure 7 (a) might be due 
to the different chemical environment of Pd particles which was surrounded by Sn-containing 
chemicals. 
The effect of Sn sensitization time at 60 ml/L of HCl was also tested as illustrated in Figure 7 
(b). The peak current density reached its maximum when Sn sensitization time was 2 min and 
the positive peak shift was observed with the increase of immersion time, resulting from Ta 
oxidation. It was reported that Ta oxide film acting as an insulator appeared when Ta was 
immersed in aqueous solutions.25 The thin Ta oxide film formed during the Sn sensitization 
might inhibit the current flow at the initial stage of the sweep, requiring higher potential for 




oxidation peak to the positive direction in the potential. The highest oxidation current at 2 min 
might be originated from that the following: shorter immersion time than 2 min was not enough 
for Sn colloid to be adsorbed on the surface and longer time induced the detachment of Sn 
colloids on the surface that was oxidized in Sn sensitization solution. 
The optimization of Pd activation was performed in the same way as Sn sensitization. Figure 
8 (a) depicts linear sweep votammograms of Pd-activated substrates with varying HCl 
concentration in Pd activation solution. The highest peak was observed at 3 ml/L of HCl. It was 
uncertain why Pd particle density was decreased as HCl concentration increased, but it was 
inferred that the changes in zeta potentials of Pd particle and the substrate lead to the 
detachment of Pd particles. The slight peak shift caused by the chemical conditions of Pd 
particles was also observed. 
The LSV affected by Pd activation time was also studied as shown in Figure 8 (b). The 
concentration of HCl was set to 3 ml/L. The highest peak current was obtained at 20 s which 
was then reduced as the time increased. Along with Pd activation time over 20 s, the average 
size of Pd particles and its standard deviation were increased with the decrease in Pd density. 
(Table 1) The maximum size of Pd particle observed at 300 s was over 60 nm which was 4 times 
larger than other ordinary Pd particles. This phenomenon was similar to the typical examples of 
Ostwald ripening. Ostwald ripening is normally derived by surface diffusion originated from the 
difference between surface energies of large and small particles under vacuum environment, 




suggested by P. P. Lau, et al. that it could appear in the electrolyte through dissolution and re-
deposition process.26 The noticeable peak shift was also observed in the cases of 120 s and 300 s, 
resulting from Ta oxidation during the immersion. 
Therefore, from Figure 7 and 8, the optimized conditions for the maximum oxidation current 
peaks (the highest Pd particle density) were determined in the experimental range of 60 ml/L 
HCl with 2 min in Sn sensitization, and 3 ml/L HCl with 20 s in Pd activation. The Pd particle 
density was 5.05 × 1010 #/cm2 (4% error). 
 
5. Addition of PEG-3400 for the increase of Pd particle density 
 
Pd particle density could be further increased by the addition of PEG-3400 to Sn sensitization 
solution as shown in Figure 9. It was found that the addition of 0.6 μM PEG-3400 increased 
both the Pd particle density to 6.83 × 1010 #/cm2 (7% error) and the peak current to -2.9 mA/cm2 
at the optimized conditions mentioned above. PEG-3400 seemed to act as a surfactant and 
stabilizing agent for Sn colloids. It was supposed that PEG-3400 raised the affinity of substrate 
to water and enhanced the adsorption of Sn colloids as a consequence. This effect would be 
further investigated as an individual research with the zeta potential relation between Pd 
nanoparticles and Ta oxide surface. 
 





Cu ELD was performed after the catalyzing process. To observe the effect of Pd particle 
density on Cu ELD, three substrates with Pd particle densities of (A) 1.33 × 1010 #/cm2, (B) 5.05 
× 1010 #/cm2, and (C) 6.83 × 1010 #/cm2 were prepared. Figure 10 illustrates the reciprocal sheet 
resistance change of the substrates with ELD time. The time for the increase in the reciprocal 
sheet resistance is normally regarded as the incubation time because the completion of Cu film 
can provide electrons with a continuous flow path, resulting in the decrease of sheet resistance. 
The reciprocal sheet resistance was not changed on A substrate even the ELD time was over 90 
s. It means that a continuous Cu film was not formed after 90 s of Cu ELD. On the contrary, an 
increase in the reciprocal sheet resistance was observed from other samples. The incubation 
time of B was approximately 60 s and that of C was less than 40 s. It was found that the 
incubation time was decreased with the increase of Pd particle density, which indicated that the 
higher Pd particle density lead to the faster film formation. 
The adhesion test (3M tape test) was also performed on A, B, and C. No flaking was observed 
on all seed layers because the adhesion strength of Pd on substrate was enough to stick the seed 
layer solidly. Some parts of deposited Cu were peeled in flakes when Cu ED was performed on 
the seed layers. The area of flakes was decreased as the Pd particle density increased, and the 
ED Cu film remained almost intact at the high Pd particle density (C). It seemed that higher Pd 
particle density provided higher adhesion strength of the deposited Cu film. The effect of Ta 




was almost negligible compared to that of the Pd particle density. It was considered that the 
amount of the Ta oxides were too small to affect the adhesion strength directly. 
The thinnest Cu film was formed on the substrate C, which had the highest Pd particle density. 
The surface morphology of the Cu film and its cross section are shown in Figure 11. The 
continuous, 18-nm-thick Cu seed layer was deposited and its resistivity was 7.8 (± 0.9) μΩ·cm 




The electrochemical evaluation of Pd particle density with the oxidation current of DMAB 
was performed on Pd-activated Ta substrates. The oxidation current of DMAB was proportional 
to Pd particle density measured by SEM analysis. It was also found that the electro-oxidation of 
DMAB on Pd particles was an irreversible process producing 3 electrons per molecule. Using 
the electrochemical method as a tool to measure Pd particle density, the catalyzing process was 
optimized by controlling the process parameters of Sn sensitization and Pd activation. Through 
the optimization, a smooth 18-nm Cu seed layer with good adhesion was obtained at the 





Table 1. The Density and Average Size of Pd Particles measured from SEM Images 
Samples 
Pd particle density 
× 1010 #/cm2 (%error) 
Average Pd diameter 
(Fig. 7. (a)) 40 ml/L 1.70 (8%) 17 ± 6 nm 
(Fig. 7. (a)) 60 ml/L 5.05 (4%) 14 ± 5 nm 
(Fig. 7. (a)) 80 ml/L 2.31 (5%) 14 ± 5 nm 
(Fig. 7. (a)) 100 ml/L 1.86 (5%) 13 ± 5 nm 
(Fig. 7. (b)) 1 min 2.89 (6%) 18 ± 6 nm 
(Fig. 7. (b)) 2 min 5.05 (4%) 14 ± 5 nm 
(Fig. 7. (b)) 4 min 3.62 (7%) 16 ± 6 nm 
(Fig. 8. (a)) 1.5 ml/L 4.93 (5%) 14 ± 5 nm 
(Fig. 8. (a)) 3 ml/L 5.05 (4%) 14 ± 5 nm 
(Fig. 8. (a)) 6 ml/L 2.84 (4%) 16 ± 5 nm 
(Fig. 8. (a)) 12 ml/L 1.10 (4%) 18 ± 6 nm 
(Fig. 8. (b)) 10 sec 4.52 (4%) 12 ± 4 nm 
(Fig. 8. (b)) 20 sec 5.05 (4%) 14 ± 5 nm 
(Fig. 8. (b)) 120 sec 4.23 (16%) 18 ± 7 nm 
(Fig. 8. (b)) 300 sec 1.33 (24%) 20 ± 11 nm 
(Fig. 9) w/o PEG 5.05 (4%) 14 ± 5 nm 









Figure 1. Schematic diagram of Cu growth in Cu ELD, (a) low and (b) high Pd particle 




















Figure 2. Schematic diagram of two-step activation. 
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Figure 3. Linear sweep voltammograms of Ta substrates in KOH solution (pH 13.5), after (i) 
Ta oxide removal, (ii) Sn sensitization, and (iii) Pd activation. 
 
  


































         
Figure 4. (a) Linear sweep voltammograms of Ta substrates in 0.05 M DMAB solution, after 
(i) Ta oxide etching, (ii) Sn sensitization, (iii) Pd activation with low Pd density, and (iv) Pd 
activation with high Pd density, (b) SEM images of Ta surfaces in (a). The experimental 








































Figure 5. The correlation between the peak current density of DMAB oxidation and Pd 
particle density. 
  




































Figure 6. The correlation between the peak current density (Ip) of DMAB oxidation and the 
total area of Pd particles. 
  





































Figure 7. Linear sweep voltammograms of Pd-activated Ta substrates in 0.05 DMAB with (a) 
various HCl concentrations and (b) process times in Sn sensitization. The process time of (a) 
was 2 min. 
































































Figure 8. Linear sweep voltammograms of Pd-activated Ta substrates in 0.05 DMAB with (a) 
various HCl concentrations and (b) process times in Pd activation. The process time of (a) was 
20 s. 


































































Figure 9. (a) Linear sweep voltammograms and (b) SEM images of Pd-activated Ta substrates 








Figure 10. The reciprocal sheet resistance change of substrates according to ELD time. 
  




























 A: 1.33 x 1010 #/cm2
 B: 5.05 x 1010 #/cm2







Figure 11. SEM images of the electroless Cu film on Ta substrate, (a) surface and (b) cross 
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Multiple activation for the increase in Pd particle density 
 
The surface activation step was repeated several times to increase Pd particle density prior to 
Cu electroless deposition. The scheme of multiple activation was shown in Figure 12. It was 
planned to increase the number of Pd particles by repeating Sn sensitization-Pd activation steps 
several times. The density was increased with the increase in the number of repeated cycles, 
however, the size distribution of Pd particles was not uniform. The non-uniform distribution 
resulted in the rough surface of the film after the electroless deposition. 
 
1. Multiple activation 
 
The surface activation step was the two-step activation, which was explained in the 
experimental section in Appendix I. The substrate was a <Ta (PVD, 7 nm) / SiO2> blanket 
coupon wafer. The two-step activation was performed twice for the increase in the Pd particle 
density. Figure 13 shows SEM images after the double activation. The Pd particle density was 
slightly increased with the double activation as shown in Figure 13 (b). However, the average 




particles were frequently observed on the surface. The increase in the total Pd activation time 
seemed to affect the agglomeration, as it was revealed that the increase in the Pd activation time 
resulted in the increase in the average Pd particle size. (Appendix I) Therefore, the total Pd 
activation time was reduced to 20 s by fixing the Pd activation time at 10 s in one cycle. The 
surface image was shown in Figure 13 (c). In that case, the agglomerated Pd particles were 
rarely observed though the average size of Pd particles was still larger (18 (±6) nm) than that of 
the single activation. The Pd particle density was also slightly increased compared to Figure 13 
(b). 
It was observed that the decrease in the Pd activation time in the double activation step 
reduced the agglomerated Pd particles. Therefore, the total Pd activation time was further 
reduced to 10 s. Figure 14 shows the surface images with the number of activation steps at the 
fixed total Pd activation time (10 s). The highest Pd particle density was obtained when the 
double activation was performed. The triple activation might increase the absolute number of Pd 
particles, however, most of them were agglomerated with each other.  
 
2. Formation of Cu seed layer 
 
Cu ELD was performed on the double-activated substrate. Figure 15 shows the change in the 
reciprocal of sheet resistance according to the deposition time. The reciprocal of sheet resistance 




which indicated that the thinner Cu film could be obtained on the double-activated substrate. 







Figure 12. The scheme of multiple activation. 
  






Figure 13. Surface images after (a) the single activation, (b) the double activation with 20 s of 
Pd activation time, and (c) with 10 s of Pd activation time. The time of Sn sensitization was 















Figure 15. The change in the reciprocal of sheet resistance of the substrate according to the 
deposition time. 
 
